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ABSTRACT 


In the present work, a methodology of shape optimization has been developed. For 
any shape optimization process, it is necessary to have a module for shape synthesis. In the 
present work, the shape synthesis is accomplished by means of a pseudo-intrinsic 
definition of a surface patch. This definition provides fewer shape design variables and also 
allows direct control over the higher order properties such as curvature. The shape 
synthesis method includes mapping of points of a surface from the intrinsic space to the 
Cartesian space. 

The present work uses the technique of Genetic Algorithm for carrying the process 
of optimization. It has been found that this technique allows realization of optimal as well 
as sub-optimal surfaces. The GA method has been found to be computationally effective 
for shape optimization problems. The design of an optimal shape can be verified by 
making a model from a rapid prototyping process. This has been also accomplished in the 
present work. The proposed methodology is illustrated with the help of two case studies. 
The first example is of a minimum area surface. The second problem is of maxi mizin g the 
stiffness of a shell surface. 
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1.1 Introduction 

Shape optimization is a kind of problem which is currently attracting a significant level of 
interest of engineers and scientists, within the broad field of optimization of mechanical and 
structural elements. Different reasons can be attributed for this increasing interest: the 
development of general and powerful techniques for the analysis of complex shapes (e.g. Finite 
elements, Boundary elements); the appearance of new and efficient optimization algorithms for 
linear and nonlinear optimization problems with a great variety of constraints; and the use of 
experimental techniques that allow checking of results. This growing interest in shape optimal 
design reflects a realization of shape changes for improving structural performance. Shape 
optimization of a component can be defined as deciding the geometry of a curve or a surface 
which will maximize or minimize an objective function as well as satisfy a set of constraints. For 
many problems shape design is more effective than the sizing or cross section design [22]. A 
typical example is that of a stress concentration around a hole boundary in a plate. Sizing 
optimization would increase or decrease the thickness of the plate near the hole, while shape 
design would change the shape of the hole boundary itself. 

Even though there are a number of numerical optimization methods [44] which have been 
used in various shape and other optimization problems. Genetic algorithm (GA) is relatively a new 
field of optimization which is based on principles of natural genetics. Genetic algorithms are 
probabilistic optimization methods that work on a population of designs by recombining desirable 
features of existing designs. In the last decade, GAs have proven their ability to deal with a large 
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class of problems. It has been found that in structural optimization, genetic approach appears 
especially promising in case of large, nonconvex, integer programming problems [9]. In the 
present research work, it is proposed to apply GA to obtain optimal surface designs with respect 
to two objective functions like surface area and stiffness. 

1.2 Surface Design and Applications 

Three dimensional or space curves and surfaces play an important role in engineering, 
design, and manufacturing of a diverse range of products, e.g. automobiles, ship hulls, aircraft 
fuselages and wings, propeller blades, shoes, bottles, buildings etc. They also play an important 
role in the description and interpretation of physical phenomena, e.g. in geology, physics, and 
medical sciences. Prior to the development of mathematical and computer models to support 
engineering, design, and manufacturing, descriptive geometry was used. Many of these geometric 
design techniques have been carried over into the computer aided geometric design. 

Surfaces and their description has been playing a critical role in the fields of engineering, 
design, prototyping, and manufacturing. The design and manufacture of automobile bodies, ship 
hulls; glassware and bottles; aircraft fuselages and wings; propeller, turbine, compressor and fan 
blades; furniture, and shoes are some of the obvious examples. Other examples include, basket 
and soccer balls, funnels, beer cans, and satellite antennas. Surface shape or geometry is the 
essence of design for either functional or aesthetic reasons. Surface description also plays an 
important role in the representation of the data obtained from medical, geological, physical and 
other natural phenomena. 

In the recent past, the design of car bodies and scooters, for racing especially, have been 
undergoing drastic improvements in order to reduce the drag resistance and to improve the ; 
overall performance of these vehicles. Design of passenger cars and bus bodies have also been 
continuously changing over the years to not only increase the efficiency of the engine but also to 
improve the aesthetic appearance of theses vehicles. There has been tremendous research in 
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progress to develop or come up with an aerodynamically smooth surface or shape designs for 
better and efficient performances in automobile and aerospace industries. 

1.3 Review of Surface Design using CAD and Optimization 

Computer Aided Design (CAD) may be defined as any use of computer in the design of an 
individual part, a subsystem, or a total system [36]. The use does not have to involve graphics. 
The design process may be at the system concept level or at the detailed part design level. It may 
also involve an interface with Computer Aided Manufacturing (CAM). CAD can also be defined 
as the use of computer systems to assist in the creation, modification, analysis, or optimization of 
a design. 

In design and engineering the traditional way of representing a surface is to use multiple 
orthogonal projections. In effect the surface is defined by a net or mesh of orthogonal plane 
curves lying in plane sections plus multiple orthogonal projection of certain three dimensional 
feature, or detail hues. The clay stylist’s model traditionally used is an example for this type of 
surface representation. 

In computer graphics and computer aided design, it is advantageous to develop a true 3-D 
mathematical model of a surface. Such a model allows early and relatively easy analysis of surface 
characteristics e.g., curvature, torsion, or of physical quantities that depend upon the surface e.g., 
volume, surface area, mass moment of inertia etc. Visual rendering of the surface for design or 
design verification is simplified. Further, generation and manipulation of the necessary information 
required to fabricate the surface, e.g., numerical control codes, is also considerably simplified as 
compared to the traditional net of lines approach. 

There are two basic philosophies embedded in the surface description techniques [36]. The 
first, mostly associated with the name of Coons, seeks to create a mathematical surface firom 
known data. The second, mostly associated with the name of Bezier, seeks to create a 
mathematical model of a surface ab initio. Initially, engineering discipline which depends on 
numerical parameters was attracted towards the Coons approach, while disciplines that depend 
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upon visual, tactile, or aesthetic factors, e.g., stylists and graphic artists, were attracted towards 
the ab initio (Bezier) techniques. However, recent works by Rogers with real time interactive 
systems for design of ship hulls and by Cohen for general surface design shows that these two 
approaches are compatible. 

Definition of a space curve is a must for any surface design. There are numerous 
techniques by which a curve can be generated ([36], [27], and [16]). These techniques are broadly 
classified into curve fitting and curve fairing techniques. Curve fitting techniques are 
characterized by the fact that the derived curve passes through each and every data point, e.g., 
Cubic spline and ParabolicaUy blended curves. But, in curve fairing techniques the mathematical 
description of a space curve is generated ab initio, i.e. without any prior knowledge of the curve 
shape or form, e.g., Bezier and B-spline curves. Of late, rational curve and surface description is 
well known in the literature, e.g., Non-Uniform Rational B-splines (NURBS). They provide a 
single precise mathematical form capable of representing the common analytical shapes-Iines, 
planes, conic curves mcludmg circles, free-form curves, quadric and sculptured surfaces used in 
computer graphics and CAD. 

Surface Design 

There are various techniques to generate a three dimensional surface by using any of the 
above mentioned curves, viz., surfaces of revolution, sweep surfaces, Coons’ bicubic surface, 
Bezier, B-spline, and NURBS surfaces; lofting and sculptured surfaces etc. Surfaces can also be 
designed using parametric and non-parametric representation. Now we will review some of these 
techniques in the following discussion. 

Surfaces of revolution: Perhaps, the simplest method for generating a 3-D surface is to revolve a 
2-D entity, e.g., a line or a plane curve, about an axis m space, e.g.. Revolving a hne in the XY- 
plane about the X-axis results in a cylindrical surface. Other examples include conical surface, 
sphere, ellipsoid, torous, paraboloid, and hyperboloid etc. A B-spline surface of revolution is 
shown in Figure 1.1. 
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Figure 1.1: A B-spline surface of revolution, (a) Polygon vertices; (b) B-spline curve; 
(c) surface [36] 


Sweep surfaces: When a line, polygon, or a curve is traversed along a path in space, the resulting 
3-D surfaces are called sweep surfaces. Sweep surface generation is frequently used in geometric 
modelling. Figure 1.2 shows a sweep surface generated from a single cubic spline curve segment 
swept parallel to the Z-axis. 
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Figure 1.2: A cubic spline based sweep surface. 

Surfaces of general form: These include Coons’ bicubic surface, Bezier and B-spline surfaces 
etc. The Coons’ bicubic surface patch uses normalized cubic splines for each of the four 
boundary curves [36]. Cubic blending functions are used to define the interior of the patch. 
Coons’ bicubic surfaces provide a flexible and powerful surface design tool. However, as with the 
cubic spline curves, practical usage suffers from the necessity of specifying precise non-intuitive 
mathematical information, e.g., position, tangent and twist vectors. Most of the difiiculties 
associated with Coons’ bicubic surfaces are overcome with Bezier surfaces. Each boundary 
curve of Bezier patch is a Bezier curve. Bemestein basis is used for the surface blending 
functions. Some of the properties of the Bezier surfaces are given below: 
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Figure 1.2: A cubic spline based sweep surface. 

Surfaces of general form: These include Coons’ bicubic surface, Bezier and B-sphne surfaces 
etc. The Coons’ bicubic surface patch uses normalized cubic splines for each of the four 
boundary curves [36]. Cubic blending functions are used to define the interior of the patch. 
Coons’ bicubic surfaces provide a flexible and powerful surface design tool. However, as with the 
cubic spline curves, practical usage suffers from the necessity of specif^g precise non-intuitive 
mathematical information, e.g., position, tangent and twist vectors. Most of the difficulties 
associated with Coons’ bicubic surfaces are overcome with Bezier surfaces. Each boundary 
curve of Bezier patch is a Bezier curve. Bemestein basis is used for the surface blending 
functions. Some of the properties of the Bezier surfaces are given below: 
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• The degree of the surface in each parametric direction is one less than the number of 
defining polygon vectors in that direction. 

• The continuity of the surface in each parametric direction is two less than the number of 
defining polygon vectors in that direction. 

• The surface generally follows the shape of the defining polygon net. 

• The surface is contained within the convex huU of the defining polygon net. 

• The surface is invariant under an affine transformation. i.e., the surface is transformed by 
transforming the defining polygon net. 

B-spline surfaces are a natural extension of Bezier surfaces, wherein B-spline basis 
functions are used instead of the Bemestein basis functions to describe both the boundary curves 
and to blend the interior of the surface. B-spline surfaces are the most widely used free-form 
surfaces. Currently they are mainly used for shape representation, but not as widely and directly 
for shape synthesis [46]. In the context of shape representation, only geometric data, and no 
underlying physical constraints are considered. The use of B-spline surfaces for this is a pure 
mathematical representation which has many advantages such as geometrical intuitiveness, rich 
representation capability, and data reduction. But in shape synthesis or shape design, geometric 
shapes are intended to serve certain functions. They are designed according to their underlying 
physical constraints such as aerodynamic and hydrodynamic constraints. Important properties of 
B-spHne surfaces are listed below [36]: 

• The maximum order of the surface in each parametric direction is equal to the number of 
defining polygon vectors in that direction. 

• The continuity of the surface in each parametric direction is two less than the order in each 
direction. 

• The surface lies within the convex hull of the defining polygon net. 

• The surface is invariant under an affine transformation. 

• If the number of defining polygon vertices is equal to the order in each parametric 
direction and there are no interior knot values, then the B spline surface reduces to a 
Bezier surface. 
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Because of the convex hull properties of the B-spline curves, a B-spline surface can 
contain imbedded flat regions and lines of sharp discontinuity, which is a particularly desirable 
characteristic for many design situations. B-spline surfaces have excellent local control properties 
which make them attractive for many of the design activities in engineering, design, and 
manufacturing. Figure 1.3 shows a third order (in each parametric direction) open B-spline 
surface and its defining polygon net 



Figure 1.3: A third order open B-sphne surface [36] 

The latest development in surface design using CAD is the use of rational curves. Of 
these, Non-Uniform Rational B-spline (NURBS) surface has received special attention because of 
their ability to represent quadric surfaces and to blend them smoothly into higher degree 
sculptured surfaces [36]. Both, complex free-form surfaces and standard analytic surfaces can be 
represented in a unified manner using NURBS [32]. A NURBS surface is generated using the 
NURBS curve for each of the boundary curves and to blend the interior of the surface patch. 
NURBS surfaces have similar analytical and geometrical properties to their non-rational 
counterparts. At present, NURBS have become the industry standard in computer aided 
geometric design (CAGD). 
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Recently, cyclide surface patches have been successfully used in piping and automotive 
industry [38]. Cyclide surfaces are found to have low algebraic degree, exact NURBS 
representat-ion and circular lines of curvature. Another development is RaG formulation. 
Geometric modelling systems based on Rational Gaussian (RaG) formulation have the unique 
ability (which is not shared by NURBS formulation) to design closed, half-closed, and open 
shapes from irregularly spaced points [17]. B-sphne basis is replaced by gaussian frequency 
functions which enable the control of curvature values ia the generated shape. However, rational 
gaussian surface is local and the computation of a surface point theoretically depends on aU of its 
control points. 

Most of the surface design techniques are based on control points. In order to alter the 
shape the control points need to be adjusted which involves many design variables. Also control 
of higher order properties like curvature, torsion etc. is not possible with the control point 
approach. On the other hand intrinsic definition of a shape involves less number of design 
variables and the intrinsic properties are found to relate some of the physical parameters like 
deflection of a beam etc. 

Optimization Methods 

The concept of optimization is basic to much of what we do in our daily lives. The desire 
to run faster a race, win a debate, or increase the efficiency of a machine implies a desire to do or 
be the best in some sense. In engineering, we wish to produce the “best quality of life with the 
available resources”. Thus, for ‘designing’ new products, we must use design tools which provide 
the desired results in a timely and economical fashion. Optinoization methods are the required 
design tools which are finding increasing popularity in engineering design activities both in 
industry and academia, partly due to the availability and affordability of computers. A number of 
software modules have been coming up in the field of optimization some of which have been 
incorporated in the well-known engineering analysis (FEM/BEM) pakages. 


A typical nonlinear constrained optimization problem can be stated as follows [44]: 
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Minimize: F(X) 

Subject to: 


objective function 

(1.1) 

gj(X) < 0 

j= l,m 

inequality constraints 

(1.2) 

hk(X) =0 

k=l,l 

equality constraints 

(1.3) 

X|< X, < X“ 

i= 1, n 

side constraints 

(1.4) 


where, 



design variables (1.5) 


The n-diniensional vector X is called as the vector of design variables. The objective function 
F (X) as well as the constraint functions gj (X) and hk (X) , may be linear or nonlinear functions of 
the design variable X . These functions may be explicit or implicit in X and may be evaluated by 
any analytical or numerical technique we have at our disposal. Objective function F(X) usually is 
the weight of a structure or deflection of a beam or overall cost involved or a combination of 
some objectives. Even though the above problem is of minimization, a maximization problem can 
be easily formulated using the duality principle which states that the problem of maximizing a 
constrained objective F (X) is same as the problem of minimizing -F (X) . 


If an optimization problem is simply stated as below: 

find X = [xj X 2 ••• x„Y which minimizes F (X) (1.6) 

then such problems are called unconstrained optimization problems. 


Most of the traditional optimization algorithms can broadly be classified into two groups 
[8): Direct search methods requiring only the objective function values and Gradient search 
methods requiring gradient information either exactly or numerically. The common sinilarity 
between of most of these traditional methods is that they all work by point by point basis. 
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Algorithm starts with an initial point (usually supplied by the user) and depending on the transition 
rule used in the algorithm a new point is determined. Essentially, these algorithms vary according 
the transition rule used to update the point. 

Most of the traditional optimization techniques are suitable for well behaved, unimodal, 
simple objective functions.. Also most of these algorithms are not robust, because each of them is 
specialized to solve a special class of problems. On the other hand, Genetic Algorithms ( GAs) 
are somewhat different search and optimization algorithms, which have been reportedly 
successful in solving a wide variety of search and optimization problems in sciences, 
engineering, and commerce. GAs are adaptive search and optimization algorithms that mimic 
the principles of natural genetics. Because of their simplicity, ease of operation, minimal 
requirements, and global perspective GAs have been used in a wide variety of problems [9]. 

It has been observed by many researchers that GAs result in a much better solution than a 
traditional optimization technique. The objective function and the constraint functions, if any, 
must be continuous and have continuous first derivatives in the design variables vector in order to 
use many of the traditional optimization methods [44]. As GAs work with only function values at 
various discrete points, a discontinuous or discrete function can be easily tackled by using GAs. 
The more striking difference between GAs, and most of the traditional optimization methods is 
that GAs work with a population of points instead of a single point. Thus a set of solutions can be 
obtained at every iteration ( called a ‘generation’ in GA terminology ) and it is very likely that the 
expected GA solution may be a global solution. GAs do not require any auxiliary information like 
gradient calculation except function values. Another difference between GAs and traditional 
techniques is that GAs use probabilistic rules to guide the search, whereas most of the traditional 
methods have fixed transition rules to move from one point to another point. That is why these 
methods, in general, can only be applied to a special class of problems, where any point in search 
space leads to the desired optimum. Since GAs use probabilistic rules and an initial random 
population, in the begining the search may proceed in any direction and when the population has 
converged in some locations the search direction narrows and a near optimal solution is found. 
Many of the engineering and other decision making problems have been solved using Genetic 
algorithms ([4], [10], [28] and [35]). These applications suggest that GAs can be used for a wide 
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range of problems with minimal requirements and yield better results than the traditional methods. 
In the present work we use this relatively new technique for the optimal design of pseudo- 
intrinsic surfaces. 

1.4 Proposed Area of Research and Objectives 

Shape is a basic property for design and manufacture, which can be defined as “those 
aspects of the geometrical form which have to do with the external aspect that an object presents 
to the world”. Mathematical definition of a shape is very difficult. Shape represents a very import- 
ant way with which we perceive and reason about the world. Shape is like an overall attribute or 
characteristic. It is a macroscopic property. Shape is an intrinsic property of geometry much like 
entropy is an intensive thermodynamic property[45]. Examples of shape intrinsic properties are 
the curvature and torsion of a space curve, gaussian and principal curvatures of a three- 
dimensional surface. Figure 1.4 shows the role of shape m a typical engineering design cycle. 
Shape is synthesized in the intrinsic domain using a mathematical model. This shape representa- 
tion is then mapped into Cartesian domain, m which different analyses are performed based upon 
the particular application. The results are evaluated and updated till the optimum shape is found. 

The method of shape optimization, proposed in this work, consists of selecting a shape 
model in an intrinsic space, defining a set of shape design variables (SDVs) and then mapping into 
the Cartesian space. A shape model is represented as a set of LINear Curvature Elements 
(LINCEs). The shape design variables are the values of curvature and/or tangent angles at some 
of the LINCEs. The overall objective of this work is to develop a CAD approach to shape 
optimal design of pseudo-intrinsic surfaces using genetic algorithms and rapid prototypiig 
techniques and to illustrate how this methodology can be applied to some of the engineering 
design problems. The specific objectives of this thesis work can be stated as follows: 

(1). For the proposed methodology of optimal shape design, it is required to develop and test a 
robust numerical scheme in order to solve Serret-Frenet equations. Serret-Frenet equations play 
an important role in the curve synthesis. Proper care must be taken in selecting the free and 
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Figure 1.4; Role of shape in a typical engineering design cycle 

dependent design variables. The robust numerical scheme eliminates the designer’s intervention 
during the design process. Numerical integration schemes like Simpson’s 1/3 rule and Gaussian 
quadrature rules will provide the necessary mapping from intrinsic to Cartesian domain by solving 
Serret-Frenet equations. 

(2). A three-dimensional surface is developed as follows. First, two bounding curves are defined 
in space using LINCEs. These curves are selected such that they are frequently encountered in 
various engineering design problems. After the curve synthesis, a surface is generated by linearly 
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blending the above two curves in the intrinsic domain instead of the Cartesian domain. Since the 
surface is not defined entirely in terms of the intrinsic parameters like principal curvature, it is 
called a pseudo-intrinsic surface. Intrinsic to Cartesian mapping is done later by a suitable 
numerical integration scheme for further analysis. 

(3). Presently, analysis of engineering problems requires either FEM/BEM approach or numer- 
ical analysis methods. AH these techniques are carried out in the Cartesian space. The intrinsic 
geometry should provide the information about the Cartesian geometry and any change made 
through the intrinsic shape design variables should update the Cartesian geometry. A FEM code 
will be developed for obtaining the objective function value, e.g., deflection of a shell surface 
under a uniformly distributed loading. 

(4) . Optimization of the surface for some specific objectives will be earned out by the application 
of simple genetic algorithms. The objective function could be in terms of weight, stiffiiess of the 
above defined surface. 

(5) . The optimized surface will be realized using the rapid prototyping technique to have a feel of 
the above shape optimization methodology. 

(6) . Illustrative examples will be considered and solved in order to show the capabihties of the 
above shape optimal design cycle of synthesis-optimization-realization. 

1.5 Literature Review 

The need for optimal design is not a recent subject of interest in mechanics. Galileo, in his 
well-known discorsi e dimostrazioni matematiche intomo a Due Nuove Scienze (1638), presents 
the problem of finding the shape of a cantilever beam in order to obtain a uniform stress 
distribution for all the sections [43]. After this early attempt, different optimization problems were 
studied by Bernoulli, Euler, Lagrange, and Saint-Venant among many others. Many of the works 
ii shape optimization are limited to two-dimensional problems only. Essentially, they have solved 
the problems of defining the outer boundary of a hole or a fillet etc. ([3], [12], [14], [15], and 
[45]). 



Chapter 1 


Introduction 15 


HaJftka and Grandhi [22], Ding [13] have reviewed the work of several researchers in the 
field of structural shape optimization in their review articles. Boundary shape has been 
represented in three ways: using boundary nodes; using polynomials; using spline or spline 
blending functions. Numerical solution methods used are: sequential linear programming; penalty 
function methods; feasible direction methods; optimality criteria; pattern transformation methods; 
and sequence of approximate problems. 

Ding [12] has also studied the two-dimensional shape optimization of elastic structures 
with optimal thickness for fixed parts, using B-splines as shape functions and by adapting design 
element technique simultaneously. Ebrahimi [14] has used a continuously differentiable thickness 
function for the flywheel design. Shape optimal design using Bezier and B-spline curves is 
investigated by Shyy et all [37]. High-order elements for designing a hole in a plate under biaxial 
state of stress and a fillet are studied in their work, by using the finite element method. 

The major drawback of parametric representation of a curve or surface (e.g. splines) is 
that the information about the curvature and/or torsion is not available explicitly. Not only that it 
results in too many design variables which leads to high cost and difficult optimization problems 
to solve. In contrast, review of current literature shows that intrinsic representation definitely 
involves lesser number of shape design variables than the parametric approach. In the literature on 
differential geometry [40], Cornu spiral, known as clothoid, but also called as transition spiral or a 
railway curve, since it is often used in rail track layout to increase or decrease the curvature 
linearly is probably the widely illustrated example curve for intrinsic geometry. Intrinsic definition 
of a Cornu spiral is a linear curve in the curvature-arc length plane. 

The concepts of curve synthesis using linear curvature elements, termed as LINCEs, has 
been developed by Nutboume [28]. This concept has been successfully implemented by Adams, 
Pal, Tavakkoli, Venkatesh, and Srinivasa Rao ([1], [29], [41], [44], and [39]). Venkatesh has 
solved 2-D shape optimization problems of structural and mechanical elements using BEM 
technique and zero-order and fiurst order methods. A torque arm subjected to axial and transverse 
loading, a fillet under an axial load, and a ladle hook subjected to tensile loading were optimized 
in his research work. Tavakkoli and Dhande [42] have applied the intrinsic curve synthesis 
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technique to Variable Geometry Truss design problems. Srinivasa Rao has outlined the shape 
design of a three dimensional curve using two planar curves defined using clothoid(s). His method 
has been applied for designing the 2-D or 3-D path of a mobile robot or the trajectory of a 
manipulator arm. 

Cheu et all [5] have studied the optimal design of gas turbine blades for minimum weight 
using a combined finite element and sequential linear programming technique. The blade was 
modelled (in 3-D) by using the quadratic sheE elements of NASTRAN package. Geometric 
constraints were imposed on the thickness variation such that optimal design has smooth 
aerodynamic shape. Thus the profile of the blade is fixed, but the thicknesses of various elements 
are the shape design variables. 

Very limited literature is available in three dimensional shape optimization. The only work 
found in the shape optimization of 3-D structural components is that of Imam [25]. He has 
studied the cantEever beam problem in detaE by the FEM analysis and nonlinear mathematical 
programming techniques. He has proposed and implemented various techniques for shape 
representation like independent node movement, design element, super curves defined by 
polynomial expressions, and superposition of shapes. 

As for as the appEcation of GAs for optimization problems is concerned, a welded beam 
design problem consisting of a highly non-linear objective function viz. fabrication cost with five 
non-Enear functional constraints was studied by Deb [10]. In his technical note, GAs are 
compared with some of the traditional optimization methods like successive linear approximation, 
geometric programming, simplex and random search methods. It is found that GAs have 
surprising speed of convergence to near-optimal solutions. 

Optimization of composite laminate stacking sequence for carrying maximum buckling 
load was studied by Riche and Haftka [35]. The design space was found to include multiple 
optima, especiaEy in case of large number of pEes. GAs were appEed to the structural optimiza- 
tion problems by Chaturvedi et all [4]. A real coded Genetic Algorithm has been used to tackle 
the continuous variables and penalty function method is used to handle the design constraints. For 
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size optimization, ten bar and eighteen bar trusses were considered and the results were found to 
be better than some of the classical methods. For topology or configuration optimization, a 
eighteen bar truss and a forty seven bar planar tower were considered. The results were found to 
be matching with the existing results. Several suggestions were given on the application of real 
GAs to more complex structural optimization problems. Minimum weight design of a trussed 
rafter structure and geometrical optimization of a 18 bar cantilever truss problems were studied by 
Jenkins [26]. Several other structural optimization problems were also studied in the same paper. 

Rapid prototyping allows the designers to verify their work and developers to construct 
functional models quickly ([30] and [31]). A sub-optimal or optimal design can be easily verified 
at a reduced cost and time. The optimized surface shape will be realized using the FDM 1650 
machine to get a feel of the design. 

1.6 Organization 

The organization of the thesis can be outlined as follows. Chapter 1 introduces the 
relevant background information about the present work. Various concepts of surface design 
using CAD have been reviewed. A brief review of optimization using Genetic Algorithms has 
been given. Application of surface design in various fields and review of literature relevant to the 
present work has been discussed. Scope and objectives of the present work, and the organization 
of the thesis have been drawn out. 

Chapter 2 deals with pseudo-intrinsic shape design, by first introducing the concepts of 
intrinsic geometry applied to curve design, and then extending it to the proposed surface design. 
The design algorithm for the surface has been described along with a flow-chart and some 
examples were discussed at the end to illustrate the proposed shape synthesis approach. 

Chapter 3 discusses the principle of genetic algorithms (GAs) and their application to the 
pseudo-intrinsic surface design. Computational issues involved in the use of GAs were outlined. 
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Application problems to illustrate the proposed shape design methodology have been 
taken up in Chapter 4. A minimum area surface and maximum stiffness surface have been 
discussed. The methodology adopted for the realization of the pseudo-intrinsic surface using the 
FDM-1650 rapid prototyping machine has been explained. 

Chapter 5 deals with the results of the application of the proposed shape optimal design 
methodology for some interesting engineering applications. These include optimal design of the 
surface for minimum area (or weight) and for maximum stiffiness. A brief summary of the work 
that has been done in this thesis and several suggestions for further work in this direction have 
been mentioned. 
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2.1 Intrinsic Curve Design 

This section introduces the basic concepts of curve design using the intrinsic geometry. 
Curve (or any geometric element) can be represented in four ways viz. parametric, implicit, 
explicit, and intrinsic form [36]. In the intrinsic form, a space curve in general requires two 
Equations k= k{s) and t = x{s) for its complete and unique description, where xris the curvature, 
X is the torsion and s is the arc length [28]. As opposed to the intrinsic form, neither of the above 
forms have the ability to control the intrinsic properties of the curve explicitly. If the intrinsic 
properties of a curve can be associated with some useful variables to be controlled, then the 
intrinsic shape synthesis definitely becomes more attractive. 

At any point on a space curve there is an infinity of normal vectors, but only one tangent 
vector. The tangent vector is the derivative of the position vector t(5')= r(s) and has unit length. 
The derivative of the tangent vector defines both the principal normal vector n(s) and the 
curvature k(s). The vector cross product of tangent vector and normal vector defines the binormal 
vector bCj). The tangent vector, the normal vector, and the binormal vector are three mutually 
perpendicular unit vectors and define a curve firame f(s) that moves along the curve as the arc 
length increases. The torsion x{s) is a measure of the magnitude and sense of deviation of a curve 
from the osculating plane in the neighbourhood of the corresponding point of the curve, or simply 
the rate of change of the osculating plane. 
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dn 


— = -Kt -i- xb 
ds 

(2.3) 

dh 

— =-^ 
ds 

(2.4) 

b =txn 

(2.5) 


where t, n, and b are the unit tangent, normal, and binormal vectors respectively, k is the 
curvature, and x is the torsion. 


Equations (2.2) to (2.4) are known as Serret-Frenet formulae. These Equations are used 
as the basis for the proposed shape synthesis in this thesis work. 


If a curve is planar, then x = 0 and the above Equations can be written as follows: 


r = 



t 


— and nxt = 0 
ds 


ds 


= Kn 


ds 


= -Kt 


(2.6) 

(2.7) 

( 2 . 8 ) 

(2.9) 


The review of literature shows that different mathematical strategies have been adopted to 
find the general solution of the above Equations. The approach used in the present work is 
described in the following. 


The problem of finding the coordinates (x, y) as a function of the arc length s can be 
solved by using the Serret-Frenet Equations (2.2) through (2.4) [26]. For 2-D curve synthesis, 
we start with Equation (2.7) as follows. Once again consider the curve C in Figure 2.2. Let us 
assume that the tangent angle at A has been specified as V'ij ^nd the arc length of A as So- Let us 
rewrite Equation (2.7) as, 
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dr 


dx{s) dy(s) 


Since n.t = 0, then 


on the other hand : 


n = 


dt 

Ts 


ds \_ ds ds 


-dy(s) dx(s) 


ds 


ds 


d^x{s) d^y(s) 


ds^ ds^ 

Substituting Equations (2.11) and (2.12) in Eq. (2.3) yields, 


'd^x(s) 

d^yis) 

T 

= <s) 

’-dy(s) dx(sy 

ds^ 

ds^ 




therefore, 




ds^ 


ds 


=0 

ds ds 

where the boundary conditions at the starting point A are assumed to be known i.e., at s' ^ 
y =yo, and v^= i//b- 

Assume that k(s) is defined as a piecewise linear function of s. Let 

ft t 

T| = X + iy 

' dri ' dx{s) ' dy{s) 

where, ti = — ,x = , and y = — — . 

ds ds ds 

The governing Equations (2.14) and (2.15) can now be written as follows: 

(r\) -iK(s)(r\) = 0 

or = e"'*’' 


where jK:(s')d[s = yKs)- 


( 2 . 10 ) 

( 2 . 11 ) 

( 2 . 12 ) 

(2.13) 

(2.14) 
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Separating the real and imaginary parts, we get 


r ^ M 

—— = cos[y/{s)] 
as 

=sin[iiKs)] 


(2.19) 

( 2 . 20 ) 


Integrating these Equations with respect to the arc length s yields the parametric coordinates of 
the 2-D curve in terms of the intrinsic parameter s. 

s 

^(5) =JcOS[V''(0’)]ifCT +Xo (2.21) 

•'ll 


s 

y(^)= Jsin[v^(o-)]^icr +yo (2.22) 

*0 

where 

O 

yK<y) = J K(s)ds + y/Q (2.23) 

Equations (2.21) through (2.23) can be solved by using numerical integration and 
numerical nonlinear Equation solving schemes for the Cartesian coordinates j[:(s') and y(s) and the 
change in the tangent angle y/(s) along the 2-D curve once the curvature profile k(s) is known. 


2.1.1 Planar Curve Design 

We will now describe the planar curve design when the curvature profile is given as 
piecewise continuous linear segments i.e. LINCEs [28]. Let us consider the problem of defining a 
curve passing through two points Po(xo, yo) and Pi(xi, yO in a plane, and the tangent angles at Po 
and Pi are specified as Yo andy/i respectively. This problem can be divided in to the following 
steps: 

1. Choosing A Shape Model: The variation of the curvature K as a function of the arc length 
ie. curvature profile is defined. This step involves choosing a suitable shape model as it 
decides the geometry of the curve uniquely. 
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2 Intrinsic to Cartesian Mapping: Once the shape model is defined, Equations (2.21) through 
(2.23) are solved simultaneously for the complete definition of the curve in the Cartesian 
space. 

Shape Models: 

Two types of shape models are chosen for the present study which will be described below [39]. 

Straight line Clothoid Straight line (S-C-S) model: In S-C-S model, two end portions of the 
curve are straight lines and they are ‘blended with a clothoid pair (symmetric cornu spirals) in 
between. Two variations of this model are shown in Figure 2.3. Area of the triangle A represents 
the change in the tangent angle, therefore a triangle below the S-axis indicates a negative change 
in the tangent angle. 



(a) Positive change in tangent angle 



(b) Negative change in tangent angle 

Figure 2.3: S-C-S Model with positive and negative changes in tangent angle 
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(a) Positive tangent angle change for both the clothoid pairs 


(b) Positive tangent angle change for first the clothoid pair and negative for the second 


(c) Negative tangent angle change for first the clothoid pair and positive for the second. 


(d) Negative tangent angle change for both the clothoid pairs 


Figure 2.4: C-S-C shape model with possible combinations of positive and negative 
tangent angle changes 
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Clothoid Straight line Clothoid (C-S-C) model: In C— S-C model the two end portions of the 
curve are pairs of symmetric spirals and the middle portion is a straight line. There are four 
different 5 LINCEs models of this nature that are possible, as shown in Figure 2.4. Again the 
. areas of the triangles Ai and A 2 represent the change in the tangent angle of the first and second 
clothoid pairs respectively. The slope of the straight line portion is called as the sharpness X. 

Design Methodology for S-C-S Model: 

The input design parameters are the two end points Po and Pi, the tangent angles y/o and 
y/i, and the sharpness X. First step is to find the intersection point Q(x 4 , y 4 ) of the two tangents as 
follows (Figure 2.6). 


X4 — 

and 

y4= »io(^4“^o) + >’o 

where, mo= tan i//b and mi = tan ^6 axe the slopes of the initial and final tangents. 


(2.24) 

(2.25) 


The variation of the sharpness X over the arc length of the clothoid pair is shown m Figure 2.5, 
below. 


^ A 


X 

-X 


So 


Si 



Figure 2.5: Variation of Sharpness Vs Arc length for S-C— S model of Figure 2.3(a) 

Let s be the total arc length of the clothoid pair which blends the two tangents and a = V6 -V^o be 
the area under the k-s curve, then from the geometry of Figure 2.3(a), 
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X 


Figure 2.6: Cartesian geometry of S-C— S Shape model of Figure 2.3(a). 
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a = 


Xs 


(2.26) 


or 


Z 


(2.27) 


Since k(s) is linear function of we substitute Kb +Xs for j((s) in Equations (2.21) through (2.23). 
By rotating the axes so that the X-axis is coincident with the initial tangent and noting the fact 
that the curve starts with zero curvature, we get the following expressions for the Cartesian 
coordinates of the clothoid pair: 

s' 

Xs -X 2 = j cos(Zt^ /2)di (2.28) 

0 

s' 

ys-y 2 = fsin(Zt^/2)dt (2.29) 

0 

From the geometry (Figure 2.6) Z(cosi/ro-t- cosy/i) =X 3 -X 2 , therefore 

/ = (2.30) 

(cosv^o + cosvrj) 

where I is the exit distance of the clothoid pair. 

Now P(x 2 , y 2 ) can be calculated from the following expressions: 

X2 =X4-Zcosv^o| • ^2 31) 

3^2 = y4-^sinV^oJ 

By calculating all the unknowns, the points on the curve at regular intervals of the parameter arc 
length s can be calculated. 

Design Methodology for C-S— C Model: 

The input parameters are the same as before. Let Xj/mbe the angle made by the iatermediate 
straight line portion of the curve as shown in Figure 2.7. It is assumed that the sharpness of both 
the clothoid pairs at the ends is same and they are symmetric within themselves. From the same 





Chapter 2 


Pseudo-intrinsic shape design 31 


arguments given for the S-C-S model, we can write for the first clothoid pair: 


^ IWn, -Wn 

Wm-Wo=— 7 - or S 2 = 2 J^'” 


A 


(2.32) 


Similarly for the second clothoid pair also 

X(sy-s,f 
Wi -¥m = ^ 


or S 3 = Si - 2. 


¥i-¥. 


(2.33) 


4 ' A 

To compute the values of $2 and S 3 it is necessary to know the value of y/m before hand. This is 
computed iteratively as follows. 


STEP 1 : Since there is no basis to guess the value of y/m> the initial angle is taken equal to 
the angle made by the line joining the initial and final points. 

STEP 2: With this value of S 2 and S 3 are computed. Subsequently P 2 (x 2 , y 2 ) and P 3 (x 3 , 
ys) are also computed. 

STEP 3: y/m will be updated to the value equal to the line joining P 2 (x 2 , y 2 ) and P 3 (x 3 , y 3 ). 
STEP 4: Compare the old value of y/m with the updated value. If the difference is less than 
some acceptable accuracy, this new value is finalized and is used for all further 
calculations. Otherwise go to step 2. 

It has been found that the above method results in faster convergence than taking the 
initial value of y/m equal to a constant value. Once the value of Yoi is calculated, the points on the 
curve can be calculated by using the expressions (2.21) through (2.23). Simpson’s 1/3 rule has 
been used to carry out the numerical integration of these Equations. 


2.2 Pseudo-intrinsic Surface Design 


Surfaces can also be represented in four ways similar to the curves viz. parametric, 
imphcit, explicit, and intrinsic form. A surface can be generated parametrically by the movement 
of the tip of a position vector [28], 


r = r(u, v) 


(2.34) 
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where u, v are independent parameters each varying smoothly over a specified range of values 
usually 0 to 1. 

Non-parametric surfaces can be either in explicit or in implicit form. An implicit Equation 
of a surface is given by F(x, y, z) = 0; similarly, a surface is exphcitly represented as z = f(x, y) 
just by solving the implicit Equation for one of the variables as a function of the other two. This 
non-parametric representation has the inability to represent an easily transformable and bounded 
surface. This weakness is easily overcome by the parametric representation. But the parametric 
representation of surfaces, similar to curves, lacks the explicit control over the intrinsic 
parameters like normal and principal curvatures etc. If these intrinsic quantities can be related to 
some design variables, this will become a great advantage in the field of 3-D shape optimization 
due to reduced number of decision variables. 

A surface can be defined in terms of the intrinsic quantities like normal and principal 
curvatures, and tangent plane. An intrinsic surface is uniquely determined by its first and second 
fundamental forms. Nutboume [28] has given a detailed description of intrinsic surfaces in his 
book. However, we confine ourselves only to the approach followed in the present work. 

The surface generated in this thesis work is similar to a ruled surface. A ruled surface can 
be generated either by a family of curves or by joining corresponding points on two space curves. 
The expression for the latter approach, which is used in this study, is given by [16] 

r = (1 - ^) ri(u) -f I r 2 (u) (2.35) 

where r = ri(u) and r = r 2 (u) are the two space curves and ^ is a parameter in the range (0, 1). 

Here the two curves are blended linearly in the Cartesian domain. However, in the present 
work, the surface is generated by linearly blending the two curves that are defined in terms of the 
intrinsic parameters viz. curvature and arc length in the intrinsic domain. Thus the surface is not 
completely defined using the intrinsic geometry and hence it is caBed a pseudo-intrinsic surface. 
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There can be different combinations of these two bounding curves from the shape models 
that are described in the preceding section, but with different parameter values. For example, (i) 
S-C-S and S-C-S, (ii) C-S-C and C-S-C, (iii) S-C-S and C-S-C and so on. The reason behind 
choosing these two curves is because of the fact that these curves are frequently encountered in 
many of the engineering design problems. The first two are relatively simple when compared to 
the third one. Hence, we want to illustrate the proposed surface design methodology by 
considering the S-C-S and C-S-C case. Refer Figures 2.6 and 2.7. Let Ki(s) and K 2 ( 5 ') are the 
curvature functions of the first and second bounding curves, respectively. Let k{s) be the 
curvature function of a curve at a distance ^ from the first curve, then 

k(s) = ( 1 - ^) Ki(r) + ^ K2(r) (2.36) 

where, 0 < ^ < 1 

Now, the curvature function k(s) of enough number of curves m between the two bounding 
curves can be calculated at regular intervals of the parameter ^ by using the above Equation so 
that a smooth surface is generated. Once the curvature function of a curve is known, the intrinsic 
to Cartesian mapping can be done using Equations (2.21) through (2.23). 

2.3 Design Algorithm 

Now we wiU describe the methodology of the proposed pseudo-intrinsic surface design. 
Let the C-S-C and S-C-S curves lie in two parallel XY planes lying at Z=Zi and Z=Z 2 , 
respectively, as shown in Figure 2.8. Let us also assume that both the curves are designed 
between the same initial and final points i.e., X and Y coordinates of the initial point of the two 
curves are identical and also X and Y coordinates of the final point of the two curves are identical. 
Let Ki(r) and K 2 (r) are the curvature functions of the S-C-S and C-S-C curves, corresponding to 
the parameter ^=0 and ^=1, respectively, as shown in Figure 2.9. Then, k( 5') the curvature 
function of a curve at a distance ^ from the first curve is calculated by using Equation (2.36). 
Thus, by varying the value of ^ we can obtain aH the interpolating curves. 




Figure 2.9; Cartesian geometry of S-C-S and C-S-C Shape models along with the 

resulting surface. Just for clarity S-C-S curve is drawn away from the origin. 
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Without losing the generality of the above procedure, we can assume that the two 
bounding curves lie on Zi=0 and Z 2 =Z planes and pass through jPo(^o>>’o) poitits. 

Flow-chart for the design of the pseudo-intrinsic surface is given in Figure 2.10. Then the design 
variables are the sharpness and the tangent angles for each of the two curves, and the initial and 
final end points. With these variables as input, each curve is synthesized and the curvature values 
at enough number of equidistant points along the arc length, say 100 are calculated. Then these 
two curves are linearly blended using Equation (2.36). Each linearly interpolated curve is mapped 
in to the Cartesian space by the numerical integration of Equations (2.21) through (2.23). Now 
the surface can be represented by an array of Njx N 2 points lying on it, where N 2 is the number of 
points or rulings along each curve and Ni is the number of curves in between and including the 
two bounding curves. 

2.4 Some Examples 

First we wiU consider the examples for curve synthesis. Figure 2.11 shows curves 
designed using the S-C-S shape model (Figure 2.3(a)) with sharpness as a parameter. All three 
curves pass through the same initial and final points and have the same tangent vectors at both the 
ends. The initial and final points are (0, 0) and (80, 60), respectively. The slope of the tangent 
vector at the beginning is 5° and at the end it is 60°. Three cases ie. X = 0.001, 0.01, 0.1 are 
shown. It can be observed that by decreasing the sharpness of the clothoid pair we can achieve a 
smooth blending between the two straight line portions. As sharpness decreases the curvature 
decreases or the radius of curvature of the clothoid curve increases. 

Similarly, Figure 2.12 shows the effect of the sharpness parameter X on a C-S-C model 
curve. All the curves are again designed with same initial and final points and with same tangent 
vectors at the ends. They are designed with (0, 0) and (60, 60) as the initial and final points, 
respectively. The tangent vectors considered are 10° at both the two ends. Three cases ie. X = 
0.005, 0.01, 0.1 .are shown. The effect of X is also similar to the earlier case. 
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Figure 2.10: Flow-chart of the Pseudo-intrinsic Surface Design 






Chapter 2 


Pseudo-intrinsic shape desiffn 3 


\ = 0,001 
X = 0.01 


( 80 , 60 ) 


Figure 2.1 1: S-C-S Model with different values of a , but with same end points and tangent 
i vectors. 


( 60 . 60 ) 


/ / / 


/// 


0,005 


Figure 2.12: C-S-C Model with different values of a , but with same end points and 
tangent vectors. 
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Finally, Figure 2.13 shows a pseudo-intrinsic surface designed using Xi = 0.001, Xz = 0.01, y/w = 
10°, Vhi = 60°, 1//20 = 5°, y/zi = 5° as the design variables. The two bounding curves pass through 
the same initial and final points of (0, 0) and (100, 100), respectively. A total of 11 curves along 
Cl parametric direction and 1 1 rulings along the C 2 direction are considered in this example. If we 
use more number of curves and rulings we can get a surface with the curvatures varying from 
point to point smoothly. Also by controlling the above design variables we can design a surface to 
suit a particular application. This topic will be discussed in the next chapter. 



Z 


O 



Figure 2.13: Pseudo-intrinsic Surface with ^1 = 0.001 and ?i 2 = 0.01. 
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2.5 Closure 

In this chapter, we have started with the basic concepts of intrinsic geometry. S)Tithesis of 
curves using the intrinsic parameters like curvature and torsion is discussed. The methodology of 
designing planar curves relevant to the present thesis work has been covered along with the shape 
models that are chosen. Pseudo-intrinsic surface design is described and the design algorithm is 
presented. Simple example problems are given to depict the use of the proposed shape synthesis. 
In the next chapter, we will describe the principle of genetic algorithms (GAs) and their 
application to the shape optimization problems using the methodology developed in this chapter. 



Chapter 3 


SHAPE OPTIMIZATION 
USING GENETIC ALGORITHMS 


3.1 Introduction to Genetic Algorithms 

A Genetic Algorithm (GA) can be understood as an “intelligent” probabilistic search 
algorithm which can be applied to a variety of combinatorial optimization problems [6]. The 
theoretical foundations of GAs were originally developed by Holland [23]. GAs are based on the 
evolutionary process of biological organisms in nature. During the course of evolution, natural 
populations evolve according to the principles of natural selection and “survival of the fittest”. 
Individuals which are more successful in adapting to their environment will have better chance of 
surviving and reproducing, whilst individuals which are less fit will be eliminated. This means that 
the genes from the highly fit individuals will spread to an increasing number of individuals in each 
successive generation. The combination of good characteristics from highly adapted ancestors 
may produce even more fit offspring. In this way, species evolve to become more and more well 
adapted to their environment. Before looking at the basic steps involved in genetic algorithms and 
how they work with a variety of problems in engineering, sciences and commerce, it is better to 
review the working and some of the pitfalls of the so called traditional or classical optimization 
methods. 

Consider a one dimensional minimization problem. Most of the traditional optimization 
algorithms begin with an initial point (feasible or infeasible depending on the algorithm) and then 
improve the solution through a series of successive iterations [11]. Usually a search direction is 
used from the starting point to find a point that corresponds to a minimum function value in that 
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Figure 3. 1 ; A typical optimization process. The initial point is and the initial search direction is 
d^^\ The search process continues by finding an optimal point along d^’^^ and then 
searching along another direction d^^^ from [11] 

direction by using a one dimensional search technique. If the new point found is a new search 
direction is found at this point and another one dimensional search is performed to locate the best 
point in that direction. This process is continued for a number of iterations until a set of 
predefined convergence criteria are satisfied. This procedure is illustrated in Figure 3.1. Most 
optimization methods vary in the way the search direction is chosen. 

Even though there exist a number of algorithms, they can be broadly classified into two 
groups - Direct search methods and gradient based methods. The direct search methods use only 
the objective function values and do not depend on any gradient information and are therefore 
more flexible and can be used to a broad class of problems. Gradient based methods require the 
derivative information of the objective function and/or constraints either exactly or numerically. 
Among the direct search methods, Powell’s method uses conjugate directions as search directions 
whereas Hooke and Jeeves method uses a history of previous points to create a search direction 
adaptively. Random search methods are simple in principle and in general require more function 
evaluations to obtain a desired accuracy than non-random methods. Among the gradient-based 
methods, Fletcher and Reeves method uses conjugate gradients as search directions whereas 
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Davidon-Fletcher-Powell (DFP) method uses Newton’s method by adaptively approximating the 
underlying Hessian matrix. There are plenty of other optimization methods which can be found in 
any of the optimization books ([2], [11], [33], and [44]). Some algorithms are faster than the 
others because of the way the search direction is created. The choice of this algorithm over that 
primarily depends on experience and availability of software packages. 

Even though these classical optimization algorithms have been extensively used m many 
engineering design and decision-making problems, there are a number of shortcomings. Most of 
the popular methods require the gradient information, which may not be easy to calculate (or not 
at all available) in many real-world problems. Moreover, most of these methods may converge to 
a locally optimal solution which may be very different from the actual global optimal solution. The 
most difficult problems among all is probably that none of these methods can be apphed to a wide 
variety of problems. In order to alleviate some of these problems, a couple of non-traditional 
search and optunization algorithms - genetic algorithms and simulated annealing - are finding wide 
spread applicability in engineering design and decision making problems. These methods work 
according to the principles of natural phenomenon and found to have solved many nonlinear 
programming (NLP) problems to global optimality successfully [18]. In the next section, we 
describe the working principles of genetic algorithms. 

3.2 Genetic Algorithms - Working Principle 

As described m the preceding section, Genetic Algorithms are search and optimization 
procedures that are motivated by the principles of natural genetics and natural selection. Some 
fundamental ideas of genetics are borrowed and used artificially to construct search algorithms 
that are robust and require minimal problem information. Here, we describe the working principle 
of GAs. Consider a typical unconstrained single variable optimization problem which can be 
stated as [9]: 


Maximize: f(x) 

Variable bounds: Xmm ^ X ^ -^max 


(3-1) 
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In order to use GAs to solve the above problem, the variable x is typically encoded into a 
string or chrotnvsome structure which represents a possible solution to the given problem. Binary 
coding is mostly used and the length of the string is usually determined by the accuracy of the 
solution desired. For example, if five bit binary strings are used to code the variable x then the 
string (0 0 0 0 0) is decoded to the valn&Xrnm, the string (1 1 1 1 1) is decoded to the value 
and any other string is decoded to a value in the range (iCmm, Xmax) uniquely. Thus, with five bit 
strings used to code the variable x, there will be a total of 2^ or 32 different strings that are 
possible, and the accuracy between two consecutive strings will be (x^ax - x^)I31. If more 
accuracy is desired longer strings can be used. With a known coding, any string can be decoded to 
a X value, which can be used to find the objective function value. A string’s objective function 
value (fU)) is called as the string’s A pseudo code for a simple genetic algorithm is given 

in Figure 3.2. GAs begin with a population of strings (individuals) created at random [6]. Fitness 
of each individual is evaluated with respect to the given objective function. Then this initial 
population is operated by three main operators - reproduction, crossover, and mutation - to 
create hopefuUy a better population. Highly fit individuals or solutions are given opportunities to 
reproduce by exchanging pieces of thek genetic information, in a crossover procedure, with other 
highly fit individuals. This produces a new “offspring” solutions (i.e. children), which share some 
characteristics taken from both the parents. Mutation is often applied after crossover by altering 
some genes (i.e. bits) in the strings. The offspring can either replace the whole population 
(generational approach) or replace less fit individuals (steady-state approach). This new 
population is further evaluated and tested for some termination criteria. If the termination criteria 
are not met, this reproduction-crossover-mutation-evaluation cycle is repeated until the 
termination criteria are met. One cycle of these three operators and evaluation procedure is called 
a generation in GA terminology. Before discussing the application of genetic algorithms to the 
present work, let us briefly discuss these three GA operators for a better understanding of the 
GAs. 


Reproduction selects the good strings in a population and forms a mating pool for the 
subsequent crossover. There exist a number of reproduction operators in GA literature, but the 
essential idea is that above average individuals are picked from the current population and 
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begin 

Initialize population; 
Evaluate population; 
repeat 

Reproduction; 

Crossover; 

Mutation; 

Evaluate population; 
until (termination criteria); 

end. 


Figure 3.2: A Pseudo-code for a Simple Genetic Algorithm (SGA) [6]. 

duplicates of them are inserted in the mating pool. The commonly used reproduction operators 
are proportionate selection with roulette-wheel and tournament selection. In proportionate 
selection, a string is selected with a probability proportional to its fitness. For a fixed population 

f 

size N, the probability of selecting an i-th individual with/, fitness is — , where /av^ is the 

N/av, 

average fitness of all the strings in the current population. One way to achieve this proportionate 
selection is to use a roulette-wheel with the circumference marked for each string proportionate 
to the strmg’s fitness. The roulette-wheel is spun N times, each time keeping an instance of the 
string selected by the roulette- wheel pointer in the mating pool. This roulette- wheel mechanism is 
expected to insert fjfavg copies of the i-th string. In tournament selection, some number of 
individuals (usually two) are randomly chosen from the population (with or without replacement). 
The best individual from this set is selected for further genetic processing, and this is repeated 
until the mating pool is filled. 

Crossover operator is applied next to the strings in the mating pool. Here, two strings are 
picked at random from the mating pool and some portion of the information are exchanged 
between the strings. For example, in a single point crossover operator, this is performed by 
randomly choosing a crossing site along the string and by exchanging all bits on the right side of 
the cross site as shown below: 
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0 0 
1 1 


0 0 0 
1 1 1 


0 0 
1 1 


1 1 1 
0 0 0 


It is intuitive from this construction that good substrings from either parent string can be 
combined to form a better child string if an appropriate site is chosen. Since, the knowledge of an 
appropriate site is usually not known, a random site is chosen. With a random site the children 
produced may or may not have combination of good substrings from parent string depending on 
whether the cross site faU in appropriate place or not. But we do not worry about this aspect very 
much, because if good strings are created by crossover, there will be more copies of them in the 
next mating pool generated by reproduction operator. But if good strings are not created by 
crossover they will not survive beyond next generation, because reproduction will not select those 
strings. In a two point crossover operator, two random sites are chosen and contents bracketed by 
these sites are exchanged between two parents. There is another operator known as uniform 
crossover in which each bit from either parents is selected with a probability of 0.5. It is 
worthwhile to mention that the purpose of the crossover operator is two-fold. First, it searches 
the parameter space. The other aspect is that the search needs to be performed in such a way that 
the information stored in the parents is maximally preserved, because these parents are the 
instances of good strings selected by reproduction operator. In the single point crossover, the 
search is not extensive but maximum information is preserved from parent to children. On the 
other hand, in uniform crossover the search is very extensive but minimum information is 
preserved between parents and children. In order to preserve some good strings found in the 
mating pool, not all strings in the population are used in crossover. If a crossover probability of pc 
is used, then (pcXlO0)% of strings are used for crossover and the rest of the strings are simply 
copied to the new population. 

Crossover operator is mainly responsible for the search aspect in GAs, even though 
Mutation operator is also used sparingly. Mutation changes a 1 to a 0 and vice-versa with a small 
mutation probability p^. The need for mutation is to keep diversity in the population. For 
example, if in a particular position along the string length aU strings in the population have a value 
0, and a 1 is needed in that position to obtain the optimum then neither reproduction nor 
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crossover will be able to create this. But mutation introduces some probability of turning that 0 
into a 1. Furthermore, mutation may be found useful for local improvement of a solution. 

3.3 Optimization of Pseudo-Intrinsic Surface - Methodology 


The problem of shape optimization can be described as minimizing or maximizing an 
objective function subject to a certain set of constraints. The objective function is defined in terms 
of some geometric design variables. In order to limit the search space constraints in the form of 
lower and upper bounds on the design variables are imposed. In the proposed work, the 
geometric design variables or Shape Design Variables (SDVs) are the following - sharpness of the 
clothoid pair(s), tangent angles at both the ends of each curve. It is assumed that both these 
curves are designed between the same initial and final points. Let Po(xo, yo) and Pi(xi, yO be the 
initial and final points, X,i be the sharpness of the clothoid pair of the S-C-S model and Xi be the 
sharpness of both clothoid pairs of the C-S-C model, and yn be the slopes of the tangent 
vector at the ends for the S-C-S model, and yto and v^ 2 i be the corresponding values for the C-S- 
C model. Then the shape design vector can be written as. 



V^u 

V^20 

yix. 


In order to use GA, the unconstrained optimization problem is stated as follows; 

Maximize: F(X) 

Subject to: Xj < X, < X“ 


(3.2) 


(3.3) 

(3.4) 


where X/ and X“ are the lower and upper bounds on variable X, . X^ is the i-th component of the 
vector X given by equation (3.2). 
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Fitness of the above problem for a given design vector X is the objective function value at 
X itself. Even though the above problem is of maximization, a ininimization problem can be 

solved by taking the fitness as . 

l + F(X) 

Since, in GAs the initial population of design vectors or designs is generated randomly, a 
particular combination of the design variables may not be a possible solution. For example, let us 
try to design a S-C-S curve passing through (0, 0) and (30,40). Let us suppose the initial tangent 
angle is 0° and the final tangent angle is 45°. Now, using equation (2.24) and (2.25) we obtain the 
intersection point of the two straight line portions as (-10, 0) which is just not a desired curve. Le. 
physically not possible or feasible. In this case the end tangent slope can not be less than 60° to 
have a possible blending between the two end lines. Hence such combination of designs have to 
be discarded m the subsequent generations. This is done by setting the fitness of that particular 
individual (design) to reasonably a large value in case of minimization problems and to a very 
small value in case of maximization problems. This ensures the selection of only the feasible 
designs for perfonning the GA operations. 

A Simple Genetic Algorithm (SGA) code that was developed by Goldberg [19] is used in 
the present study. The steps involved in the optimization (using GA) of the pseudo-intrinsic 
surface as designed using the methodology developed in chapter 2 can be stated as follows: 

STEP 1: Initialize the GA parameters. This involves specifying the population size, maximum 
number of generations, string length of each variable, crossover and mutation probabilities etc. 
Upper and lower limits on each of the shape design variable should also be specified. Initialize the 
generation number to 0. 

STEP 2: Generate an initial feasible random population. 

STEP 3: For each individual in the population, synthesize the pseudo-intrinsic surface as 
described in Section 2.4. Define intrinsic to Cartesian mapping and find the Cartesian coordinates 
using equation (2.21) through (2.23). 
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STEP 4: Once the Cartesian coordinates are available, it is possible to analyze for the required 
optimality criterion e g., surface area or stifBiess etc This may require use of some FEM code 
also Evaluate the fitness of each individual Infeasible designs have to be discarded at this stage 
as explained earlier. 

STEP 5: Once the fitnesses of all the individuals is available, GA operations can be performed. 
This includes doing reproduction, crossover, and mutation one after the other. Now a new set of 
designs is created which possibly is better than that of the previous generation. This completes 
one generation 

STEP 6: Increment the generation number. If the current generation number is greater than the 
maximum number of generations terminate Otherwise go to step 3. 

3.4 Computational Issues 

In general, considerable amount of time is consumed by the analysis routine in many of the 
shape optimization problems. The analysis routine may contain a FEM/BEM simulation before 
obtaining the required objective function. In genetic algorithms the computational time basically 
depends on the population size and the number of generations for which the GA code is being 
run. If N is the population size, G is the maximum number of generations, and pc is the crossover 
probability then the total time of GA run would be roughly NxGxpc. 

3.5 Closure 

In this chapter, we have started with an overview of the traditional optimization methods 
and then the working principle of GAs has been discussed. Application of a Simple Genetic 
Algorithm to the proposed shape design has been described. Computational efltbrts that are 
required are also given. In the next chapter, we will discuss the evaluation of the objective 
function for the pseudo-intrinsic surface considering with respect to some engineering application. ‘ 
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4.1 Minimum Area Surface 

The surface can be thought of as an assembly of quadrilateral patches. The surface area of 
each patch is calculated considering it as a trapezium and added to get the total surface area of the 
surface. Assuming a constant thickness throughout the surface, this objective is also equivalent to 
minimum weight. Every designer starts with such a simple objective to test his methodology 
before applying to a more complex optimality criterion. 

4.2 Maximum Stiffness Surface 

Deflection of a body is a measure of the strain energy absorbed within it. Designing a 
structure for maximum stiffness may be interpreted as meaning the determination of that structure 
of given volume, which stores, for given loads, the least amount of strain energy [24]. Using this 
concept, we have mirmnized the deflection of the surface as shell surface subjected to uniform 
pressure loading. The shell surface is assumed as an assembly of small, flat rectangular elements as 
shown m Figure 4.1. As the subdivision decreases convergence occurs [47]. The finite element 
formulation of such a surface is discussed below. 

Consider a typical polygon flat element (Figure 4.2) subjected to in-plane and bending 
actions simultaneously, in local coordinates. The state of strain in in-plane action is completely 





Figure 4.1: A shell surface as an assembly of rectangular elements. Local and global 
coordinates [47] 
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X 


Figure 4.2; A typical rectangular flat element in local coordinates subjected to ‘in-plane’ 
and ‘bending actions’ simultaneously [47] 


described in terms of u and v displacements of each typical node i. The minimization of the total 
potential energy leads to the following Equation. 


r'’=K*‘’aP with af = 


|M, 

tv. 


and ff" 


IK. 


(4.1) 


where U. and V, are the nodal in-plane forces and K'” is the in-plane stiffness matrix given by 


K'” = JjB^DRircfy (4.2) 

where B is the strain-displacement matrix and D is the material matrix which will be given later. 

Similarly, if N is the shape function matrix and q is the intensity of the uniformly distributed 
pressure load, then f ^ can be directly obtained from the following expression. 

£.p = - N'^qdxdy (4.3) 


CENTffAt LiBRARIf 

I 1 1 , 
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Similarly, for bending action, the state of strain was given by the nodal displacement in the z- 
direction w and the two rotations 0x and 6y. This results in 


feb ^ j^ebgb ^b ^ ^ 

W, 

>■ and 


'vk' 

M ► 


A'. 



My, 


(4.4) 


where W„ Mx, and Myj are the nodal force, moment about jc-axis, and moment about y-axis, 
respectively, and K'*’ is the bending stifihess matrix given by Equation (4.2) except for B and D 
have to be for bending case. 


These two Equations are combined by introducing rotation 0z associated with a fictitious couple 
Mz, for the sake of convenience, as follows: 


Redefining the combined nodal displacements as 


Then we can write 


a.= 


V. 

w, 

e„ 


and the appropriate ‘forces’ as 


f.' = 


Mx. 

My, 

M„ 


f ' = K'a* 


(4.5) 


(4.6) 


(4.7) 


where K® is the elemental stiffness matrix given by, 




4.2.1 Transformation to the Global Coordinates 

The stiffness matrix given by Equation (4.8) has to be transformed to the global 
coordinate system. Refer to Figure 4.3 for the local and global coordinate systems denoted by xyz 
.andxyz respectively. 



X 


Figure 4.3: Local and global coordinates 

The forces and displacements at a node transform from the global to the local system by a matrix 
L giving 




f; = Lf. 


(4.9) 
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in which 


L = 


A 0" 

0 X 


(4.10) 


with X being the 3x3 matrix of direction cosines of angles formed between the two sets of axes 
i.e., 



A. 

A. 

A, 


X X 

xy 

X z 

A = 

A. 

X. 

A. 


yx 

yy 

yz 


A. 

A. 

A, 



zy 

z z 


in which X^^ — cosine of angle between thex and x axes, etc. 


(4.11) 


For the whole set of forces acting on all the nodes of an element we can therefore write 


a''=Ta*,etc. (4.12) 

By the rules of orthogonal transformation the stiffiiess matrix of an element in the global 
coordinates becomes 

IC=I^K"r (4.13) 

In both of the above Equations T is given by 

L 
0 
0 

a diagonal matrix built up of L matrices in a number equal to that of the nodes in the element. 

Now the typical stiffness submatrix becomes 

KI,=17k:JL (4.15) 

in which is determined by Eq. (4.8) in the local coordinates. 

Similarly, if the origins of the local and global systems is the same, then 


0 0 
L 0 
0 L 


(4.14) 
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> = A< 

y ^ 



z 

k J 


4.2.2 Local Direction Cosines: 


(4.16) 


We consider the simple rectangular element with one side of it parallel to the global x axis 
as illustrated in Figure 4.1. For a typical element ijkm, the direction cosines of x axis are 


I . =1 


= 0 


= 0 


(4.17) 


the direction cosines of the y axis have to be obtained by considering the coordinates of various 
nodal points. Thus 



yj-y. 

xU > 1 

(z, -Z,f + {yj -y,/] 

^ = J 

z, -Z, 

/ 

(z, -Z,f +(y,- -y.f 


(4.18) 


/ 

Similarly for the same section, we have for the z axis 


A. =0 

Z X 


A, =- 

zy 


Zj -z. 


X , = + 


Jy -y, 




(4.19) 


Clearly the numbering of nodes in a consistent fashion is important to preserve the correct signs of 
the expressions. 
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4.2.3 Derivation of Stiffness Matrix and Right Side Vector 

Consider a typical 4-noded rectangular element shown in Figure 4.4 below, with its sides of 2a 
and 2b in length. 





Figure 4.4; A typical rectangular element in local coordinates [47] 


(i) in-plane or plane stress condition: 

The approximation for the two displacements u and v at any point is given by ([7] and [20]) 

M = Og + a^x + fljy + a^xy 
v = bo+biX + b 2 y + b^xy 

in which Oq, bo, .... are the constants to be found from the nodal coordinates of the element 

The shape functions in terms of the natural coordinates ^ and ti are given by 

(l + |^,)(l + J7r7,) 


(4.20) 


N.= - 


for i = l.,4 


(4.21) 


where = 77 , = -1,+1,+1,-1, the values at the four comer nodes and ^ and t) are the values at 
the gauss point under consideration. 
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The strain-displacement matrix is given by 


[B]=[j-r 


dN, 

0 

SN, 
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0 

dN, 

0 

0 
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dN^ 
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dr) 

dr] 

dr] 

dN, 

dN^ 


dN, 
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dN^ 
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dr] 


dr] 


dr] 


where [J] is the Jacobian matrix given by 


in which 


and so on. 


[J] 


dx 

'M 


dx 

dy- 



dx 


dr] 

dri_ 


-X. 




(4.22) 


(4.23) 


(4.24) 


Now we can formulate the elemental stiffness matrix by using the gauss-legendre numerical 
integration by choosing appropriate number of gauss points in either direction. 

[Kf = (4.25) 

'■ 1 

in which w, and Wj are the weights associated with the i-th and /-th gauss points, respectively and t 
is the thickness of the element. The material matrix D for plane-stress condition is given by 



l-p" 


1 V 
V 1 
0 0 


0 

0 

l-v 

2 


(4.26) 


where E is the modulus of elasticity and t) is the poisson’s ratio. 
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(4.32) 


The elemental stiffness matrix can be obtained in a way similar to that of in-plane case, 

(4-33) 

* 7 

The FEM code has been developed in FORTRAN and is combined with the GA code in C. 


4.3 Shape Realization using Rapid Prototyping 


In this section, we will describe the methodology of rapid prototyping the pseudo-intrinsic 
surface using the FDM 1650 system from Stratasys Inc. Rapid prototyping (RP) is fast becoming 
one of the essential technologies that allows designers to improve the design of a product and 
reduced time to physically produce the optimal as well as sub-optimal designs. RP allows 
designers to build tangible models of their designs quickly and cheaply. In the present work, the 
optimized shape is produced by the FDM 1650 RP machine to get a feel of the surface design. We 
will briefly explain the methodology of rapid prototyping of the pseudo-intrinsic surface in the 
following. For more details about various RP technologies and the description of the FDM 1650 
system, please refer to the appendix on rapid prototyping. 

The basic steps involved in rapid prototyping using FDM 1650 are: 

1. Generating a 3-D CAD model of the surface: The surface is generated in this thesis using 
Pro-Engineer software by reading the imported blend file (*.ibl file) and then small amount 
of thickness is added to generate a solid part 

2. Convert the CAD model file into STL format which can be used by the slicing software. 
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3. Slicing the model. The STL file is read into Stratasys’ slicing software-QuickSlice. 
QuickSHce breaks the model into individual slices, with each slice representing one layer of 
material. Then QuickSlice generates the tool paths to fill the slices in the form of a SML file. 

4. Prototyping the part: The SML file is downloaded to the FDM hardware for manufacturing 
the part layer by layer. 

4.4 Computational Issues 

In general, considerable amount of time is consumed by the analysis routine in many of the 
shape optimization problems. The analysis routine may contain a FEM/BEM simulation before 
obtaining the required objective function, as is the case with the stiffiiess of a shell surface in the 
present study. As discussed in chapter 3, In genetic algorithms the computational time basically 
depends on the population size and the number of generations for which the GA code is being 
run. If N is the population size, G is the maximum number of generations, and pc is the cross over 
probability then the total time of GA run would be roughly NxGxpc. In the FEM analysis of a 
shell surface, the computational time largely depends on the fineness of the mesh. As the number 
of elements in each parametric direction increases the total number of dof increases drastically 
since each node has 6 dof Thus the order of the stiffness matrix increases and a major portion of 
the analysis time is spent m solving these Equations. To reduce the solution time bonded matrix 
form has been used with the Gauss elimination method[7] and it is observed that there is a 
significant amount of time saving with this method. 

The time required to prototype the part using the RP machine will largely depend on the 
size of the part. It also depends on the thickness of each layer, complexity of the part etc. A flat 
object of 100x100 mm size with a thickness of 4 mm will take about 9 hours on the FDM 1650 
system. 
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5.1 Introduction 

In this chapter, we will consider case studies to illustrate the working of the proposed 
methodology of shape optimal design. Designing a surface for minimum surface area and 
maximum stiffness are studied. At the end of the chapter, a technical summary of the research 
work is given. Besides some conclusions about the approach, several suggestions for further work 
in this direction have been outlined. 

Most of the software program has been developed using C language, except for the FEM 
program for the analysis of the shell surface. FEM codification is done using FORTRAN. The 
software has been developed on UNIX platform. GA code available in C is used for the 
optimization of the pseudo-intrinsic surface. Shape synthesis and analysis modules were called by 
the GA program for the subsequent optimization procedure. Bounds on the design variables are 
chosen such that a feasible design can be achieved. Different initial random populations are 
created by supplying a different random seed number. Tournament selection is used for 
reproduction, and single point crossover is used. The surface is designed between the points (0, 0, 
0) and (100, 100, 100) in the XYZ coordinate system. 

5.2 Minimum Area Surface 

The surface is thought of as an assembly of number of flat trapezoidal elements. The area 
of each such an element is calculated and summed up to arrive at the total surface area of the 
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given surface. As mentioned in Section 4.1, this problem is same as the minimum weight design 
problem when the thickness of the surface is constant throughout. 

In order to use genetic algorithms for any optimization problem one has to specify 
parameters like population size, string length, crossover and mutation probabilities etc. There is 
no way by which one can fix these GA parameters. Only through some experimentation one can 
arrive at optimum values of these parameters so that one can get a near optimal solution with less 
computational effort. Since this work is only to illustrate the application of GAs to the shape 
optimization problems, we have chosen the frequently used GA parameter values as a reference to 
start with for the present analysis. It has also been found that with a minor change in any of the 
above values, the obtained solutions are approximately identical to what we have presented here. 

The following values of GA parameters are considered for the present analysis: 


Population Size = 50 

Max. No. of Generations = 25 

Total String Length = 32 

Crossover Probability = 0.8 

Mutation Probability = 0.01 

Tournament Size = 5 


String length and bounds of each variable are assumed as shown in Table 5.1. 


Table 5.1: String lengths and variable bounds on the Shape Design Variables 


Variable 

String Length 

Variable 

Bounds 

Lower 


Sharpness 

6 



Sharpness %i 

6 



Tangent angle yio 

5 



Tangent angle \j/n 

5 


70.0 

Tangent angle \|/ao 

5 

0.01 

10.0 

Tangent angle \|/ 2 i 

5 

0.01 

10.0 
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The total string length was taken 32. Since sharpness is relatively more critical design 
parameter than the tangent slopes, it is decided to code it as a 6-bit string for more accuracy, 
while tangent angles are coded as 5-bit strings. 

Table 5.2 gives a summary of the results obtained with different initial random 
populations. GA was run for a total of 25 generations in each run. The average fitness after every 
five generations is given in Table 5.2(a). The last two columns in this table give the fitness of the 
optimum solution or design and the generation at which it was found. Table 5.2(b) gives the 
values of SDVs at this best solution. 


Table 5.2; Results of the analysis for minimum area surface with different initial random 
populations 

(a) Statistics 


GA 

random 

Average Fitness (xlO^) 

Optimum sol. 

run 

seed 

0 

5 

10 

15 

20 

25 

fimess 

gen. 

1 

0.123 

140 

20 

80 

40 

40 

20 

14305 

19 

2 

0.235 

120 

40 

120 

20 

140 

60 

14288 

25 

3 

0.571 

160 

120 

60 

140 

40 

60 

14290 

15 

■i 

0.395 

200 

20 

40 

20 

60 

20 

14290 

17 

5 

0.759 

20 

100 

0.014 

20 

100 

20 

14330 

25 


(b) Shape Design Variables corresponding to the best solution 


GA 

Best Solution (SDVs) 

run 


'h. 

Vio 

Vii 

V20 

V 21 

1 

0.00072 

0.01 

30.0 

48.0645 

10.0 

10.0 

2 

0.00134 

0.01 

30.0 

46.7742 

10.0 

10.0 

3 

0.00258 

0.01 

30.0 

46.7742 

10.0 

10.0 

4 

0.00258 

0.01 

30.0 

46.7742 

10.0 

10.0 

5 

0.00025 

0.01 

30.0 

50.6450 

10.0 

10.0 


A few things are worth noting from these results. In all the cases four out of the six Shape 
Design Variables (SDVs) are same in the final optimal design. These four variables are converging 
towards their corresponding lower or upper variable limits, which means that if we relax these 
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bounds we may get a flat surface, as expected. Another similarity is that the fitness Le. the area of 
the surface at the optimum point is around 14300 units in all the five GA runs. One can observe 
the fluctuation in the average fitness of the total population at some specific generations. This is 
due to the fact that we have introduced a small mutation by flipping some of the bits. It should be 
noted that we have taken the fitness of the infeasible design equal to arbitrarily a large number 
999999999.0. The minimum area we get is 100x100 = 10000, in case of a flat surface. It can also 
be observed that in case 3, the best solution is found at 15th generation itself. There is no further 
improvement in the optimum solution after this generation. Whereas in GA runs of 2 and 5, the 
optimum is observed only at the 25th generation, by which one can not say whether the solution 
has converged or not. 

Table 5.3 shows similar results for the same data but with no mutation. It can be seen that 
the average fitness monotonically decreases towards the optimum value. Only in the initial 
generations few infeasible designs are created and they will be discarded in the later generation. 
There will be no possibility of a infeasible design being created afterwards as there is no mutation 
operator to alter some of the bits randomly. Just after 10 generations there is no improvement in 
the optimum solution at all. 


Table 5.3: Statistics with different initial random populations with no mutation 


GA 

random 

Average Fitness 

Optimum sol. 

run 

seed 

0 

5 

10 

15 

20 

25 

fitness 

gen. 

1 

0.123 

140x10* 

14328 

14317 

14316 

14316 

14316 

14316 

7 

2 

0.235 

120x10* 

14394 

14347 

14347 

14347 

14347 

14347 

8 

3 

0.571 

120x10* 

14371 

14347 

14347 

14347 

14347 

14347 

4 

4 

0.395 

180x10* 

14370 

14368 

14368 

14368 

14368 

14368 

3 

5 

0.759 

20x10* 

14398 

14392 

14392 

14392 

14392 

14392 

2 


Rapid Prototyping: 

Inorder to get a tangible model of the optimal design, the optimized surface shape is being 
realized using the RP technique. The surface produced in case of minimum area surface was with 
the following parameters: 
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Population Size = 

30 

Max. No. of Generations = 

25 

Total String Length = 

30 

Crossover Probability = 

0.8 

Mutation Probability = 

0.01 

Tournament Size = 

5 

Random seed = 

0.123 


The string length and variable bounds of each SDV are given in Table 5.4. 

Table 5.4: String lengths and variable bounds on the Shape Design Variables for the rapid 
prototyped minimum area surface 


Variable 

String Length 

Variable 

Bounds 

Lower 

Upper 

Sharpness A,i 

6 

0.0001 

0.005 

Sharpness X .2 

6 

0.001 

0.01 

Tangent angle \j/io 

5 

0.01 

30.0 

Tangent angle yn 

4 

30.0 

70.0 

Tangent angle \|/ 2 o 

5 

0.01 

10.0 

Tangent angle 

4 

0.01 

10.0 


Surface area of this surface is 14310.5 units obtained at the 25th generation. The SDVs 
corresponding to this area are as follows, 


Sharpness Xi 

= 0.000411 

Sharpness Xz 

= 0.009857 

Tangent angle Vio 

= 30.0 

Tangent angle \j/ii 

= 48.67 

Tangent angle xi/io 

= 10.0 

Tangent angle \|r 2 i 

= 10.0 


Wire frame model of the 3-D surface was created using the AutoCAD software. This 
surface is exported to the 3-D STUDIO for rendering in order to have a better visualization of the 
surface. This rendered surface is shown in Figure 5.1. 






Figure 5.1; Photograph of the surface model of the minimum area surface 



Figure 5.2: Photograph of the rapid prototype of the optimum minimum area surface 
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As described in Section 4.3, the solid model of this surface is generated using the Pro- 
engineer software and this file is exported to the QuickSlice software in the form of a STL file. 
QuickSlice generates the necessary SML file after slicing the model. This SML file is downloaded 
to the FDM 1650 machine for building the prototype. Also refer appendix for more details on 
various RP techniques. A photograph of the physical prototype is shown in Figure 5.2. 

5.3 Maximum Stiffness Surface 


The shell surface is designed for maximum stif&iess as follows. As described in Section 
4.2, maximizing the stiffness is nothing but nnirdrnizing the deflection for a given loading. Using 
this principle, we have calculated the deflection of each node and the maximum of all these 
deflections is minimized to get a maximum stiffness surface. It is subjected to a uniform pressure 
loading in Z-direction with displacement boundary conditions as shown in Figure 5.3. Edges y = 0 
and y = 100 arc assumed to be fixed i.e. all the three displacements are equal to zero (u = v = w = 
0). Edges X = 0 and x = 100 are left free. Intensity of pressure loading is taken as 100 units. 
Material properties are as follows: 

Thickness = 1.0 mm 

Young’s modulus = 210.0MPa 

Poisson’s ratio = 0.3 

The surface is divided into 10 elements along the Ci direction and 20 elements in the C 2 
direction. Therefore total number of elements in the finite element mesh are 200. As each element 
has four nodes, total number of nodes in the finite element model are 221. Since six degrees of 
freedom are considered per each node, total number of dof in the finite element model are 1326. 

Even though the bcmded matrix format is used to solve the finite element equations it is 
found that analysis of a single design takes about one minute time. Because of the time 
constraints, we have run GA with a smaller population and for lesser number of generations. 




Figure 5.3: Boundary conditions on the shell surface 

The following values of GA parameters are considered for the present analysis: 


Population Size = 25 

Max. No. of Generations = 10 

Total String Length = 32 

Crossover Probability = 0.8 

Mutation Probability = 0.01 

Tournament Size = 5 


String length and bounds of each variable are assumed similar to the previous case, as given in 
Table 5.1. Fitness of the infeasible design is taken as 99.99x10^. The results of five GA runs with 
different initial random populations for the above input data are depicted in Table 5.5. 
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Tabic 5.5 : Results of the analysis for maximum stiffness surface with different initial random 
populations 

(a) Statistics 


GA 

random 

■ Average Fitness 

Optimum sol. 

run 

seed 

0 

5 

10 

fitness 

gen. 

1 

0.123 


3.8x10^ 

5032 

3297 

5 

2 

0.235 

IEBMI 

3.8x10’ 

3.8x10’ 

3707 

2 

3 

0.571 


44756 

5246 

3705 

8 

4 

0.395 


29580 


3312 

2 

5 

0.759 


7738 

5506 

3504 

4 


(b) Shape Design Variables corresponding to the best solution 


GA 

Best Solution (SDVs) 

run 

Xi 


Vio 

Vii 

V20 

V21 

1 

0.00460 

0.00328 

28.065 

53.225 

4.1993 

10.000 

2 

0.00144 

0.00843 

18.391 

51.935 

8.3887 

2.588 

3 

0.00381 

0.00857 

12.580 

50.645 

0.9767 

9.033 

4 

0.00381 

0.00657 

19.358 

50.645 

1.2990 

3.555 

5 

0.00246 

0.00457 

18.391 

53.226 

0.3323 

6.133 


Since this is a complex objective function, there is a striking difference between the 
obtained optimum solutions in both the problems. There is no biasing of the SDVs towards their 
bounds. It should be noted that the fitness is neither a deflection nor the stiffness because the 
problem is a minimization of deflection problem, because fitness is evaluated as l/(l4deflection). 
Tournament size is taken of 5 is used in aU these results. With larger tournament size whole 
population will be filled up within a few generations, which may lead to local convergence in 
some problems. However, for the present problems, with a tournament size of 2 or 3 also similar 
type of results are found. 

Rapid prototyping: 

Using the procedure described in the case of minimum area surface, surface model and the rapid 
prototype are created. Rendered surface is shown in Figure 5.4 and the rapid prototype of the 
maximum stiffness surface is shown in Figure 5.5. This surface is for the optimum design obtained 


iuGArun 1. 
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Figure 5.4: Photograph of the surface model of the maximum stiffness surface 


Figure 5.2: Photograph of the rapid prototype of the optimum maximum stiffness surface 
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5.4 Conclusions 

5.4.1 Technical Summary 

In the present research work, the main focus was on the shape synthesis and optimization 
using intrinsic geometry and genetic algorithm. Shape optimization is becoming increasingly 
popular because it often results in a better design with the available resources. Often times it is 
found that best design also results in an aesthetically pleasing design. We have started with a brief 
introduction on the importance of shape optimization in improving a design. Applications of 
surface design in automobile, aerospace, and many other fields have been outlined. The methods 
adopted in surface design using the Computer Aided Design (CAD) are described. All these 
methods suffer from the drawback that there is no control on the intrinsic parameters of the 
curves and surfaces, because these techniques are based on control points. Intrinsic definition 
involves lesser design variables to control and relates some of the physical parameters with the 
intrinsic parameters, which allows much flexibility in shape design. Many of the works in shape 
design using intrinsic geometry are constrained to only 2-D problems. But our approach is 
designing a 3-D shape which is a novel idea. 

We have developed a methodology of shape synthesis in which we define two curves in 
the intrinsic domain and linearly interpolate them to obtain a ruled surface again in the intrinsic 
domain. The two curves are selected based on their relatively frequent occurrence in many of the 
engineering and design problems. This surface is then mapped m to the Cartesian space by using 
the Simpson’s numerical integration scheme. Optimization methodology using GAs is developed. 
Application of this methodology of shape synthesis and optimization is illustrated by two case 
studies viz. minimum area surface and maximum stiEfness shell surface. A FEM code was 
developed m FORTRAN for the later case which considers plate bending as well as in-plane 
loading. Finally use of rapid prototyping in engineering design is depicted by prototyping the 
optimal design surface using the FDM 1650 RP machine. The software is developed in UNIX 
envionment using C and FORTRAN. Shape synthesis and engineering analysis modules have 
been combined with the GA code for optimization. 



Chapter 5 


Results and Conclusions 72 


There is no need of generating the finite element mesh separately; since, by changing the 
number of divisions in either parametric direction one can achieve the desired fineness of mesh. 
Thus finite element mesh updation is so simple unhke the traditional optimization techniques 
employing control points concept. 

5.4.2 Suggestions for Further Work 

Even though we have illustrated the proposed methodology of shape optimization using a 
fixed shape model (i.e. Figure 2.3(a) for the S-C-S curve and Figure 2.4(b) for the C-S-C curve), 
the principle can be extended to the other shape models also. This requires adding another 
variable to the GA coding which enables choosing any of the shape models randomly. This would 
probably result m a much better optimum design. 

The methodology developed in this work can be used for problems like minimum drag or 
maximum lift surface. Since the pseudo-intrinsic surface is a doubly curved surface, in order to 
find the drag coefficient one has to solve the full set of Navier-Stokes equations. As the curvature 
changes continuously from point to point there is no short cut way by which one can evaluate the 
drag resistance offered by this surface when air or any other fluid flows past it. Because of time 
limitations this has not been taken up in the present work. In the future work this problem can be 
explored by developing a finite element program to solve the Navier-Stokes flow equations. 

Another possibility is developing a multi-window display system in which the surface can 
be displayed in intrinsic as well as Cartesian space. This allows the user to visualize how a change 
in the intrinsic geometry affects the surface shape, in a user-friendly manner. 

The concepts developed in this work can be used to design a cantilever beam for minimum 
weight under different constraints like stress, frequency etc. This surface can be taken as top 
surface of the beam and using the symmetry we can design the complete beam by developing a 
finite element code. The computer time requirements are fairly large m case of FEA. Most of the 
time is spent during the FE analysis, hence equation solvers like sky-solver method, wave firont 
minimization techniques can be employed. 



In order to make sure that the solution obtained by using the genetic algorithm is 
really an optimal one, we can take a problem which has a known solution and solve it by 
using some traditional optimization method as well as GA. Compare these results. If the 
results obtained with GA are comparable to those obtained with the traditional technique 
and the analytical solution, we can conclude that GA can be effectively used to solve other 
shape optimization problems also. 



[1] Adams, J. A., 1975, ‘The Intrinsic Method for Curve Definition”, Computer Aided 
Design, Vol. 7, No. 4, pp. 243-249. 

[2] Arora, J. S., 1989, Introduction to Optimum Design, McGraw-Hill, New York. 

[3] Braibant, V., and Fleury, C., 1984, “Shape Optimal Design using B-spUnes”, 
Computer Methods in Applied Mechanics and Engineering, Vol. 44, pp. 247-267. 

[4] Chaturvedi, D., Deb, K., and Chakrabarti, S. K., 1995, “Structural Optimization using 
Real-Coded Genetic Algorithm”, Proceedings of the Symposium on Genetic Algorithms, 
pp. 73-81. 

[5] Cheu, T., Wang, B. P., and Chen, T., 1989, “Design Optimization of Gas Turbine 
Blades with Geometry and Natural Frequency Constraints”, Computers & Structures, Vol. 
32, No. l,pp. 113-117. 

[6] Chu, P. C., and Beasley J. E., 1997, “Constraint Handling in Genetic Algorithms: the 
Set Partitioning Problem”, in press. 

[7] Cook, R. D., 1984, Concepts and Applications of Finite Element Analysis, John 
Wiley & Sons, New York. 

[8] Deb, K., 1995, Optimization Methods for Engineering Design: Algorithms and 
Examples, Prentice-Hall, New Delhi. 



References 74 


[9] Deb, K., 1996, “Genetic Algorithms for Engineering Design Optimization”, A 
collection of papers prepared for the course ME 767 - Evolutionary Algorithms in Search 
and Optimization, Department of Mechanical Engineering, Indian Institute of Technology, 
Kanpur. 

[10] Deb, K., 1991, “Optimal Design of a Welded Beam via Genetic Algorithms”, AlAA 
Journal, Vol. 29, No. 11, pp. 2013-2015. 

[11] Deb, K., 1996, “An Overview of Traditional Optimization Methods”, A report 
prepared for the course Traditional and Al-based Optimization Methods in Process 
Metallurgy, Volta Redonda, Brazil. 

[12] Ding, Y., 1987, “Shape Optimization of Two-Dimensional Elastic Structures with 
Optimal thickness for Fbced parts”, Computers & Structures, Vol. 27, No. 6, pp. 729-143. 

[13] Ding, Y., 1986, “Shape Optimization of Structures: A Literature Survey”, 
Computers & Structures, Vol. 24, No. 6, pp. 985-1004. 

[14] Ebrahimi, N. D., 1988, “Optimum Design of Flywheels”, Computers & Structures, 
Vol. 29, No. 4, pp. 681-686- 

[15] Espiga, F., Gracia, L., and Doblare, M., 1989, “Shape Optimization of Elastic 
Flomogeneous 2D Bodies by the Boundary Element Method”, Computers & Structures, 
Vol. 33, No. 5, pp. 1233-1241. 

[16] Faux, I. D., and Pratt, M. J., 1983, Computational Geometry for Design and 
Manufacture, Ellis Horwood Publishers, Chichester. 

[17] Ghoshtasby, A., 1995, “Geometric Modelling using Rational Gaussian Curves and 
Surfaces”, Computer Aided Design, Vol. 27, No. 5, pp. 363-375. 

[18] Goldberg, D. E., 1989, Genetic Algorithms in Search, Optimization, and Machine 
Learning, Addison-Wesley, New York. 



References 75 


[19] Goldberg, D. E., 1986, A Simple Genetic Algorithm Code, C Version, vl.l. 
University of Alabama. 

[20] GrifiQtlis, D. V., 1994, “Stiffiiess Matrix of the Four-node Quadrilateral Element in 
Closed Form”, International Journal for Numerical Methods in Engineering, VoL 37, pp. 
1027-1038. 

[21] Grigson, A., 1994, “Model Making”, Manufacturing Engineer, Vol. , pp. 172-178. 

[22] Haftka, R. T., and Grandhi, R. V., 1986, “Structural Shape Optimization-A survey”. 
Computer Methods in Applied Mechanics and Engineering, Vol. 57, pp. 91-106. 

[23] Holland, J., H.,1975, Adaptation in Natural and Artificial Systems, University of 
Michigan Press, Ann Arbor MI. 

[24] Hemp, W. S., 1973, Optimum Structures, Clarendon. 

[25] Imam, M. H., 1982, ‘Three Dimensional Shape Optimization”, International Journal 
for Numerical Methods in Engineering, Vol. 18, pp. 661-673. 

[26] Jenkins, W. M., 1991, ‘Towards Structural Optimization via the Genetic Algorithm”, 
Computers & Structures, Vol. 40, No. 5, pp. 1321-1327. 

[27] Mortenson, M. E., 1985, Geometric modelling, Wiley, New York. 

[28] Nutboume, A. W., and Martin, R. R., 1988, Differential Geometry Applied to Curve 
and Surface Design, Vol. 1, Ellis Horwood Limited, Chichester. 

[29] Pal, T. K., and Nutboume, A. W., 1977, ‘Two Dimensional Curve Synthesis using 
Linear Curvature Elements”, Computer Aided Design, Vol. 9, No. 2, pp. 121-134. 

[30] Pham, D. T., and Gault, R. S., 1996, “Solid Ideas”, Manufacturing Engineer, Vol. 
75, No. 5, pp. 239-243. 



References 76 


[31] Pham, D. T., and Gault, R. S., 1996, “Modelling for all Occasions”, Manufacturing 
Engineer, Vol. 75, No. 6, pp. 289-293. 

[32] Qin, H., and Terzopoulos, D., 1995, “Dynamic NURBS Swung Surfaces for Physics 
based Shape Design”, Computer Aided Design, Vol. 27, No. 2, pp. 111-127. 

[33] Rao, S. S., 1991, Optimization Theory and Applications, Whey Eastern Limited, 
New Delhi. 

[34] Reklaitis, G. V., Ravindran, A., and Ragsdell, K. M., 1989, Engineering 
Optimization Methods and Applications, John Wiley & Sons, New York. 

[35] Riche, R. L., and Haftka, R. T., 1993, “Optimization of Laminate Stacking Sequence 
for Buckling Load Maxhnization by Genetic Algorithm”, AIAA Journal, Vol. 31, No. 5, 
pp. 951-956. 

[36] Rogers, D. F., and Adams, J. A., 1989, Mathematical Elements for Computer 
Graphics, McGraw-Hill, New York. 

[37] Shyy, Y. K., Fleury, C., and Izadopanah, K., 1988, “Shape Optimal Design using 
Higher Order Elements”, Computer Methods in Applied Mechanics and Mechanical 
Engineering” , Vol. 71, pp. 99-116. 

[38] Srinivas, Y. L., Vinod Kumar, K. P., and Dutta, D., 1996, “Surface Design using 
Cyclide Patches”, Computer Aided Design, Vol. 28, No. 4, pp. 263-276. 

[39] Srinivasa Rao, N., 1995, “Design of Trajectories using Intrinsic Geometry”, M. Tech 
Thesis Submitted to the Department of Mechanical Engineering, Indian Institute of 
Technology, Kanpur, India. 

[40] Straik, D. J., 1961, Lectures on Classical Differential Geometry, Addison Wesley 
Press, Inc., Cambridge 42, Mass. 



References 77 

[41] Tavakkoli, S., 1991, “Shape Design Using Intrinsic Geometry”, Ph. D. Dissertation 
Submitted to the Department of Mechanical Engineering, Virginia Polytechnic Institute 
and State University, Blacksburg, Virginia, USA. 

[42] Tavakkoh, S., and Dhande, S. G., 1991, “Shape Synthesis and Optimization using 
Intrinsic GtQmt\xy" , ASME Journal of Mechanical Design, Vol. 113, No. 4, pp. 379-386. 

[43] Timoshenko, S. P., 1983, History of Strength of Materials, Dover Publications, New 
York. 

[44] Vanderplaats, G. N., 1984, Numerical Optimization Methods for Engineering 
Design, McGraw-Hill, New York. 

[45] Venkatesh, J., 1994, “Shape Optimization using Intrinsic Geometry and Boundary 
Element Method”, Ph. D. Dissertation Submitted to the Department of Mechanical 
Engineering, Indian Institute of Technology, Kanpur, India. 

[46] Xinzi, Y., Jackson, T. R., and Patrikalalds, N. M., 1996, “Geometric Design of 
Functional Surfaces”, Computer Aided Design, Vol. 29, No. 9, pp. 741-752. 


[47] Zienkiewicz, O. C., and Taylor, R. L., 1991, The Finite Element Method, Vol. 2, 
McGraw-Hill, New York. 


Appendix 


RAPID PROTOTYPING 


1 An Overview of RP Technologies 

Rapid prototyping (RP) is fast becoming one of the essential technologies that allows 
manufacturers to improve product quality and reduce both time to market and the cost of new 
lines, as part of a concurrent engineering strategy. Rapid prototyping technologies can be divided 
into two groups ([21], [30], and [31]): 

• Virtual rapid prototyping 

• Physical rapid prototyping 

Virtual prototyping (soft/CAD-based) implies visualizing and testing of CAD models on a 
computer before they are physically created. Virtual prototyping is accomplished by running a 
computer model through iterative dynamic simulations before making a physical prototype. 
Physical or real rapid prototyping (which will be referred as rapid prototyping, for brevity, 
hereafter) allows designers to build tangible models of their designs quickly and cheaply. This 
encourages experimentation, and flag errors in the fit or assembly of the part. It has been claimed 
that RP model can cut new product costs by up to 70% and the time to market by 90% [30]. 

Rapid prototyping, or free form fabrication as the Americans prefer to call it, is about 
building a prototype from a CAD drawing in a matter of hours or days rather fiian months 
traditionally taken. RP technologies may be divided broadly into those involving material 
accretion and those involving material removal. Material-accretion technologies can be further 
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divided into liquid-based, powder-based, and solid sheet based, depending on the state of the 
prototype material before part formation. Liquid-based technologies may involve the solidification 
of a resin on contact with a laser, solidif^g an electrosetting fluid, or melting and setting the 
prototyping material. Processes using powders compound them either with a laser or by the 
selective application of binding agents. Processes using solid sheets bond them either with a laser 
or with an adhesive. Figure 1 shows Kruth’s classification, which has been adapted to include new 
technologies. 

All the RP processes that will be reviewed here take input from a 3D solid CAD model, 
usually as slices. The 3D CAD model is tessellated and exported as an STL file. The model is then 
split into thin slices and the sHces are sent to the RP machine for the production of the final 
physical product. By convention, the data shces are said to be in the x-y plane and the part is built 
in the z-direction. The number and position of the supports partly depends on the build direction 
chosen. Part orientation will also influence the final prototype build time and the surface finish of 
critical areas. The following are the currently available RP methods that are in commercial use, 
with several others in various stages of development: 

• Steiiolithography 

• Solid ground curing 

• Selective laser sintering 

• Fused deposition modelling 

• Laminated-object manufacturing 

• Ballistic particle manufacturing 

• Three-dimensional printing 

Steriolithography (SL) was the first RP technology to be developed and currently, it is 
probably the most widely used one. This uses a photosensitive monomer resin (usually acrylic or 
epoxy resin) that forms a polymer and solidifies, on the surface, when exposed to ultraviolet light. 
SL produces a surface finish that is comparable to that of NC milling; it is a weU proven system 



material addition material removal 

I • desktop milling 



Figure 1: Classification of Rapid-prototyping methods 
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with over 500 machines in use worldwide, and is reasonably fast and accurate. As an economy of 
scale several parts can be built at once. On the other hand, the material is expensive, smelly, and 
toxic, and must be shielded from light to avoid premature polymerization; there is also a limited 
choice of resins. 

Solid ground curing (SGC) also uses photo-polymerizing resins. An image of the 
individual layer is made on the glass plate and then placed over a liquid resin tank. The exposed 
parts of the resin are cured using a burst of ultraviolet hght, and the uncured resin is removed 
from the protected areas by an aerodynamic wiper and replaced by wax. This wax solidifies to 
provide a supporting structure for the growing model. An advantage of this process is that a 
whole layer is solidified at once, making the whole process relatively fast. All the resin within the 
layer is completely cured, so parts may be stronger than hatched SL prototypes, and no 
postcuring is needed. Supports are unnecessary because wax is used to fill the gaps in the resin 
and to brace the part. On the other hand, SGC is noisy, massive and needs to be constantly 
attended. 

Selective laser sintering (SLS), uses a laser to build up a shape with powder, rather than 
liquid resin. Any material that can be pulverized and melted may be used, e.g.. Nylon and its 
composites, wax, sand, and polycarbonates etc. Each layer of powder is fused together using CO 2 
laser to trace out the shape. A new layer of powder is then spread over the top by a roller and the 
next layer is formed. Each layer is fused to the last. SLS also doesn’t need supporting structure as 
it is supported by unused powder in the container and no postcuiing is necessary, except with 
ceramics. Materials used as powder are relatively cheaper than the resins for SL, are non-toxic, 
safe and may be sintered with relatively low-powered lasers. But prototypes made using this 
method have poor mechanical properties, since they are porous in general. An inert nitrogen 
atmosphere is required to sinter the material. 

Fused deposition modelling (FDM) involves the extrusion of wax or thermoplastics just 
above the melting point using a computer controlled deposition head (nozzle). The head is fed by 
a spool of non-toxic thermoplastic filament material of 0.5” diameter which solidifies as it is 
directed into place by the x-y controlled head, creating the required model FDM uses two 
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nozzles, one for the part material and one for the support material, which is cheaper and breaks 
away from the prototype without damaging its surface. It is also possible to create horizontal 
supports to minimize material usage and build time. FDM can be viewed as a desktop prototyping 
technology, suitable for use m a design office, since the materials used are cheap, clean and safe. 
There is also a large range of colors and materials available, such as investment-casting wax, ABS 
plastic and elastomers. Parts made by this method have a high stability since they are not 
higroscopic. However, surface finish is not good because of the resolution of the process, which is 
dictated by the filament thickness. It may be unable to produce small holes in vertical sections. 

Laminated object manufacture (LOM) is a solid technology, wherein the build material 
is applied to the part from a roll, then bonded to the previous layers a hot roller, which activates a 
heat-sensitive adhesive. The contour of each layer is cut with a CO 2 laser, carefully modulated to 
penetrate exactly one layer thickness. Unwanted material is trimmed into rectangles to facilitate its 
later removal, but remains in place for support. LOM is cheap because paper can be used as the 
base material. It is 5-10 times faster than the other processes. One drawback is the need to prise 
the finished parts off the machine table, which can damage surface finish. It is also hart to make 
hollow parts because of the difficulty of removing the core, and there are serious problems with 
undercuts and re-entrant features. Warping of the laminations due to the heat firom the laser is 
also seen. 

In ballistic particle manufacture, a stream of molten material is ejected from a nozzle; 
the material separates into droplets, which hit the substrate and immediately cold weld to form the 
part. BPM is cheap and environmentally benign, but it is restrictive in the small range of 
commercial materials available to construct the prototypes. From the systems available, either 
speed or accuracy is possible, but not both. 

Three-dimensional printing is also a powder-based process using a separate binder: 
layers of powder are applied to a substrate, stabilized by misting with water, then selectively 
joined using a binder sprayed through a nozzle. Once the part is completed, it is heated to set the 
binder; the excess powder, which was supporting the part, is then rinsed off. The part is fired then 
to sinter it. To increase the density of the part, it is possible to press the ‘green part before this 
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final firing. After firing, the part may be dipped in binder to strengthen it; there is no state change 
involved, so distortion is reduced. Parts do not need supports to brace the overhanging features, 
but they do need to include a hole so that excess powder can be removed. But, the final parts may 
be fragile and porous, and it can be hard to remove the unbound powder from any cavities. 
Further, as the layers are raster scanned by the printhead, stair-stepping effect occurs in the x-y 
plane as well as the build direction. The materials employed may be metal or ceramic powders, or 
metal-ceramic composites with colloidal silica or polymeric binders. 

As we have seen in this overview, the RP technology is far from mature; many advances 
are in the pipeline, improving process accuracy, the choice, strength and cost of materials and the 
overall dimensional stability of the part. Other RP systems under research include [21] - shape 
melting technology, photochemical machining, and light sculpting etc. In the next section, we will 
discuss the FDM-1650 system from Stratasys inc. 

2 FDM 1650 System 

There are four main parts in the Stratasys modeling system: 

• Slicing software 

• Computer workstation 

• FDM 1650 modeler 

• Modelling materials 

The FDM 1650 uses Fused Deposition Modelling (FDM) to turn computer-aided design 
(CAD) geometry into models that can be used for design reviews, manufacturability studies, 
investment casting patterns, and marketing. The FDM 1650 features Break Away Support System 
(BASS), allowing the designer to create models with greater speed and precision. The support tip 
extrudes a material that supports any overhanging portions of the model s geometry. When the 
model is completed, the support is easily broken off leaving behind the final part. BASS system, 
not only produces a better quality finished product than a part made without a BASS system, but 
the supports come off easily and cleanly. The FDM 1650 is a bench- top unit standing forty-five 
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and one half inches high with a 26x36 inches footprint. Because, it requires no exhaust hood or 
other special facilities, it can be placed next to a designer’s CAD workstation. 

Each CAD file is converted to an STL format. The STL file is read into Stratasys’ slicing 
software called QuickSlice. QuikShce breaks the model into individual slices, with each slice 
representing one layer of material. QuickSlice then generates the tool paths to fill the slices. These 
tool paths form the Stratasys Modelling Language (SML) file. This SML file is downloaded to the 
FDM hardware for prototyping the part. 

In the FDM hardware, the FDM head moves in two horizontal axes across a foundation 
and deposits a layer of material for each slice. The material is heated by the FDM head, so it 
comes out in semi liquid state. The successive layers fuse together and solidify to build up an 
accurate three-dimensional model of the design. Overall tolerance is ± 0.005 in the X, Y, and Z 
axes. Actual results depend on the model. 

FDM 1650 is capable of using a variety of inert, non- toxic materials. Currently, 
Investment casting wax and P400 plastic - ABS plastic are widely used. Each material comes 
wound on a spool in the form of a filament of approximately 0.07 in diameter, so it is easy to load 
as well as to store. Investment casting wax allows the operator to create a wax pattern from the 
STL file. For min g and dewaxing a shell mould is done rapidly by using normal investment casting 
procedures. No special burnout is required. P400 ABS plastic is an acrylonitrile-butadiene-styrene 
based material which produces sturdy prototypes. 

In summary, with the FDM 1650 system models can be created in; 

• modelling envelop sizes of upto 9.4x10x10 inches 

• a variety of wall thicknesses ranging from 0.012 to 0.08 inches 

• slice resolutions ranging from 0.005 to 0.02 inches 

• investment casting wax and ABS plastic 



